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ABSTRACT 
The effect of the amide function and the carbethoxy 
function on the polymerization properties of maleimide are 
reported. The effects of these functions on 
homopolymerization and copolymerization (with styrene) were 
examined. These electron-withdrawing groups appeared to 
decrease the rate of homopolymerization and increase the 
rate of copolymerization. 
N-carbamylmaleimide and N-carbethoxymaleimide were 
co po 1 ym er i zed with styrene in 1 , 4 -d i ox an e at 6 O • O ° C at 
different feed ratios to high conversion. Copolymer 
composition, determined by elemental analysis and lH NMR, 
indicated that while 1:1 copolymers were obtained with an 
equimolar feed ratio, the two systems were not alternating. 
It is of note that the copolymerizations were carried out 
at a very low total monomer concentration of 0.2 mol/L due 
to the limited solubility of N-carbamylmaleimide in the 
reaction solvent. If higher concentrations had been 
possible, 1:1 copolymer formation would have been enhanced. 
Investigation of the complexation of maleic anhydride, 
maleimide, N-carbethoxymaleimide, N-carbamylmaleimide, 
N-phenylmaleimide and N-ethylmaleimide with the 
electron-donors styrene, fur an, and 2-chloroethyl 
vinyl-ether was accomplished by use of ultraviolet (UV) 
xx 
spectroscopy and lH NMR spectroscopy. It appeared 
generally that the electron-withdrawing groups increased the 
complexation of maleimide with the electron-donating 
comonomers. There was no evidence of complex formation with 
2-chloroethyl vinyl ether for any of the compounds studied. 
A continuous variation method using UV spectroscopy 
indicated that all observed charge-transfer complexes 
(maleic anhydride-styrene; N-carbethoxymaleimide-styrene; 
N-phenylmaleimide-styrene; maleic anhydride-furan; 
N-carbamylmaleimide-furan) had 1: 1 stoichiometry. The 
formation constant of complexation between maleimide and 
styrene was increased towards the value of the complex 
formation constant for maleic anhydride-styrene when the 
electron-withdrawing groups -CONH2 and -C02Et were 
substituted on the maleimide N. The same effect was not 
observed for complexation with furan. 
IR spectroscopy and 13c NMR spectroscopy indicate 
that the electron-withdrawing groups increase the double 
bond character of the maleimide carbonyl groups. The 
results of the complexation studies suggest that the 
carbonyl groups of maleimide may play a significant role in 
complex formation with styrene. The mechanism of complex 
formation with furan appears to be different from that of 
styrene. 
xxi 
It was also shown that when N-phenylmaleimide and 
maleic anhydride (both electron-accepting monomers) are 
copolymerized, a random copolymer results. 
When reaction with styrene is considered, the results 
of this investigation indicate that electron-withdrawing 
N-substituents influence the polymerization properties of 
maleimide to be more like those of maleic anhydride. 
INTRODUCTION 
Natural and synthetic polyanionic materials have been 
investigated for biologial activity against tumors, virus­
es, bacteria, fungi, and enzymes (1,2). Many of these 
materials exhibit a broad spectrum of biological activity 
as well as prolonged prophylactic effects. Consequently, 
an impetus has developed for investigating the physico­
chemical characteristics and modes of action of these 
macromolecules. By the investigation of synthetic polymers 
with defined structure and composition, it is hoped that 
meaningful structure-activity relationships can be ob­
tained. 
A. Heparinoids 
The first natural polyanion to receive considerable 
biological interest was heparin, a potent anti-coagulant. 
In 1962 Ascoli and Batre (3) found that the anti-coagulat­
ing activity of heparin was directly related to its calcium 
binding capacity. Calcium binding may also be a mechanism 
for heparin's antimitotic activity and inhibition of tumor 
growth ( 3, 4) . Attempts to develop synthetic or natural 
substituents similar to heparin have produced a number of 
polyanions that exhibit antimitotic activity (4, 5). 
One of the earliest synthetic polyelectrolytes to be 
studied for biological activity was sodium poly(ethylene-
sulfonate) by Breslow and Hulse in 1954 (6). 
1 
Subsequent 
work by Regelson and Holland (7) established that in mice, 
this polyanion is an effective antineoplastic agent against 
Adenocarcinoma 775, Ll210 lymphoid leukemia, Krebs 2 
carcinoma (ascites), L5178 lymphatic leukemia, Ehrlich 
(ascites) and Sarcoma 180. Unfortunately, the tumor 
inhibitory activity was too low and the toxicity was too 
great in man for clinical applications (8). 
B. Pyran 
The synthetic polymer that has received the most 
interest is divinyl ether-maleic anhydride copolymer, 
commonly referred to as pyran copolymer due to the tetra­
hydropyran ring that was reported to form during polymeri­
zation (9). In the literature it is also referred to by 
the acronym DIVEMA (divinyl ether-maleic anhydride copoly­
mer) and, more recently, as MVE (maleic anhydride-vinyl 
ether copolymer) . Pyran was first reported by Butler in 
1960 (9) and was submitted to the National Institutes of 
Health (NIH) for screening for biological activity. 
Independently, Breslow of Hercules Corporation also 
synthesized pyran and submitted it to the NIH screen. 
Pyran showed significant activity and was designated as NSC 
46015 by the National Cancer Institute. It has been under 
investigation for use in cancer chemotherapy and has been 
found to have a wide range of other biological ictivities 
(2). Pyran has interferon inducing capacity (10-13); it is 
active against a number of viruses (10-18) including Friend 
3 
leukemia, Rauscher leukemia, Maloney sarcoma, polyoma, 
vesicular stomatitis, mengo, encephalomyocarditis, and 
foot-and-mouth disease; it has antibacterial (19-21) and 
antifungal activity (19); it stimulates immune response 
(19-25) and is a blood anticoagulant (26). Pyran inhibits 
adjuvant disease (27,28), a hypersensitive reaction to 
mycobacterial antigens, similar to rheumatoid arthritis and 
also shows potential for removing plutonium from the liver 
( 2 9) • 
In early clinical trials, pyran NSC 46015 was too 
toxic in human patients (2,30). Specifically, it caused 
thrombocytopenia, 
in the absolute 
a condition characterized by a decrease 
number of thrombocytes in the blood 
circulation. Its other toxic effects involved cytoplasmic 
inclusions throughout the blood as well as in liver and 
spleen cells of the reticuloendothelial system (RES), 
inhibition of microsomal enzymes, sensitization to 
endotoxin and enlargement of the liver (hepatomegaly) and 
spleen (splenomegaly) (28). At high dosages (12 
mg/kg/day), pyran NSC 46015 induced fever and blocked the 
conversion of fibrinogen to fibrin. 
of pyran NSC 46015 was initially 
Although the toxicity 
too high for further 
clinical investigations, it has recently been shown (2,31) 
that these toxicities are less prevalent for lower 
molecular weight material and when 6-7% calcium is included 
with the sodium salt of pyran. These findings have 
4 
prompted a detailed phase I clinical study of MVE-2, a low 
molecular weight, narrow polydispersed form of the drug. 
C. Amidated Polymers 
Regelson et al. (32) investigated the hypothesis that 
the inhibition of tumor growth may be a function of the 
density and distribution of ionic charges on the poly­
electrolyte molecule. Polycarboxylates of ethylene-maleic 
anhydride (EMA) copolymers and those derived from poly-
acrylic acid were evaluated. The charge density and 
solution configuration of these compounds were varied over 
a wide range by placing substituents on the backbone of the 
molecule and by substituting other groups for some of the 
carboxyl groups, as shown in Table I and Table II. The 
hydrolyzed ethylene maleic anhydride copolymer (HEMA) has 
the dicarboxylic structure and the arnmoniated EMA copolymer 
(AEMA) has the half amide- half acid form. The principle 
tumor in the study was sarcoma 180. When activity was 
observed with sarcoma 180, a wider range of tumor systems 
such as Krebs 2 carcinoma, Leukemia L-1210, and carcinoma 
755 were evaluated. Also the monomeric units of HEMA and 
AEMA; succinic acid, succinamic acid, succinimide, and 
succinamide were evaluated and were found to be inactive. 
The observations from this study were that (1) 
polymeric structure is necessary for tumor inhibition; ( 2) 
the completely amidated product (diamide form) had negligi­
ble antitumor activity but had lower toxicity than carboxyl 
Molecular 
Weight 
Rl 
R2 
X 
y 
Dose mg/kg 
2-3,000 Average% 
Inhibition 
20-30,000 
60-70,000 
80-100,000 
120,000 
and up 
Table I. 
Hydrolyzed Anlnoniated 
Ethylene Ethylene 
ff ff 
ff ff 
CH NH 
2 
OH ONH 
4 
Ethylene/Haleic Anhydride Series (Hydrolysed Form) 
-C--CH --t r, ' f j l \lY- -0 
n 
Ethylene Di amide Hydrolyzed 
Amide-Acid Ethylene Propylene 
ff ff ff 
ff ff CH
j 
NH NH O(Na) 
2 2 
OH NH 
2 
O(Na) 
Alllnoniated Hydrolyzed 
Propylene Isobutylene 
ff CH
3 
CH CH 
3 3 
NH O(Na) 
2 
ONH
4 
O(Na) 
Ammoniated 
Isobutylene 
CH
3 
CH
3 
NH
2 
ON\ 
200 31 400 400 19 50 
541 80 101 59 • 13- 791 
100 i 100 800 9 50 40 nl 81 1• 38• 15- 61 I 111 
10 50 100 19 50 9 25 
55 • 65 I 691 38• 59 • 21- 65' 
4 i 25 46. 83 581 
4 75 25 5 
61 1 12 I 51 • 46• 
Inhibition of Subcutaneous Sarcoma 180 
V1 
Molecular 
Weight 
2-3,000 
20-30,000 
60-70,000 
120,000 
and up 
Table II. Polyacrylic and Polymethacrylic Series 
R 
X 
Dose mg/kg 
Average % 
Inhibition 
t 
R R 
j 
I I 
-C-CH -C-CH -
Y-!=o 
2 
x-!=o 
2 
Polyacrylic 
Acid 
Polymethacrylic 
Acid 
H 
OH 
CH3 
OH 
50 50 
sol 541 
25 19 
37 I 26. 
19 25 
so I ssl 
10 40 
Acrylamide 
H 
NH2 
800 
-1 
400 
121 611 19-
Inhibition of Subcutaneous Sarcoma 180 
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containing compounds (HEMA and AEMA) of similar molecular 
weight; (3) when the activity of low molecular weight 
(2,000-3,000) HEMA and AEMA were compared, the half 
amide-half acid AEMA form was clearly more effective as an 
antitumor agent and showed a broader spectrum of biological 
activity; polymers of MW 20,000-30,000 displayed the same 
pattern of tumor inhibition; ( 4) as the molecular weight 
increased, toxicity of the dicarboxylic acid HEMA in-
creased; (5) the difference between the two series is the 
position of carboxyl groups on the polymer backbone which 
did not greatly alter the antitumor activity of the com-
pound (both have the same charge density per repeating 
unit). 
These observations indicate that carboxylic functions 
are necessary for significant tumor inhibition. They also 
indicate that the presence of the amide function on the 
polyelectrolyte increases its antitumor activity while 
decreasing its toxic effects. 
D. Amidated Polymers Containing Imide Rings 
Fields et al. have prepared carboxyimamidate, a low 
molecular weight ethylene-maleic anhydride copolymer 
derivatized to contain both a half-amide, half-carboxylate 
salt function and an imide function (33,34). The synthesis 
was carried out by first preparing a low molecular weight 
alternating copolymer of ethylene and maleic anhydride ( I 
in scheme 1) in equimolar ratio, with ethyl benzene serving 
1 ,,,,,, ,,,,,,,,,,, 
�H--�--CH2-cH2 
�-0 1"° 
NH2 
o0 @ 
NH4 
II .... l '""•l 
...J 
III Carboxyimamidate 
Sch- 1. Synthesis of EMA copolymer containing imide, 
amide, and carboxylate salt functions. 
8 
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as the chain transfer solvent. The anhydride groups of the 
copolymer were converted to half-amide, half-ammonium salt 
functions ( II in scheme 1) by reacting a solution of the 
polymer in acetone with a liquid ammonia-acetone mixture. 
This ammoniated copolymer was then converted to the partial 
imide (III in Scheme 1) by heating a xylene slurry under 
reflux for 20-30 minutes while maintaining a flow of 
ammonia through the reaction vessel (34). The product was 
recovered by filtration and vacuum drying. It was shown to 
have 14-25 weight percent of the succinimide rings. 
Carboxyimamidate, variously referred to in publications as 
N-137 and NED-137, was evaluated for biological activity 
against several transplantable tumors ( 34) . It inhibited 
Lewis lung carcinoma and several other murine solid tumors. 
It was found to have relatively low acute toxicity in mice 
and rats with an LD50 of approximately 2500 mg /kg body 
weight. This study indicated that the antitumor activity 
of ammoniated ethylene-maleic anhydride copolymers could be 
increased by the formation of 14-25% imide rings in a low 
molecular weight (1200-1500) preparation. 
Carboxyimamidate has been found to be a potent tumor 
inhibitor and has prevented metastases of a 
methylcholanthrene-induced carcinoma of the bladder (FBCa) 
in F344 rats (35). This tumor is known to metastasize to 
the lung within one week of tumor implantation. Animals 
treated with carboxyimamidate at 30 mg/kg showed prolonged 
survival as compared to control animals. All the treated 
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animals were found to be free of pulmonary metastases when 
autopsied, while all the control animals had extensive 
pulmonary metastases. The effect of this copolymer as an 
adjuvant to surgical excision of the FBCa tumor was 
examined (35,36). The treated animals were observed for 
tumor recurrence and survival time after excision versus 
untreated control animals. Tumor recurrence was 100% in 
the control animals with subsequent death 35 days after 
surgical excision. Autopsy after 60 days indicated that 
carboxyimamidate treated animals were free of pulmonary 
metastases (35). Indefinite survival in these animals 
could be obtained with repeated administration of the drug. 
The investigators showed that the active anti tumor effect 
was due to a component of the serum and was coprecipitable 
with the serum imrnunoglobins (35, 36). This response was 
transferred to normal animals by the serum of animals 
treated with carboxyimamidate. It was also noted that the 
experimental animals showed no acute or chronic toxicity to 
carboxyimamidate. 
E. Comparison of Copolymerization Behavior of Maleic 
Anydride and Maleimide 
Maleic anhydride (MA) and its nitrogen analogue, 
maleimide (MI) (1 H-pyrrole-2,5-dione), although similar in 
structure, do not show identical polymerization behavior. 
For example, the homopolymerization of maleic anhydride has 
been achieved _only with high initiator and monomer 
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concentrations and high reaction temperatures (37,38) while 
maleimide and some of its derivatives have been shown to be 
far more reactive towards self-polymerization. Homo­
polymers of maleimide (39,40), N-butyl and N-dodecyl­
maleimide (41) and N-Phenylmaleimide (42,43) have been 
readily prepared. 
Some maleimides have demonstrated a tendency, similar 
to maleic anhydride, to form alternating copolymers with 
electron-donating monomer�. Curve (a) of Figure 1 is a 
copolymerization diagram for the maleic anhydride-styrene 
copolymer system (44) and represents a doubly alternating 
system. Here the reactivity ratio of each monomer is zero 
with the composition of the copolymer being 50% in each 
comonomer regardless of the initial monomer feed. Both 
N-phenylmaleimide (NPMI) (45) and maleimide (MI) (40) form 
nearly alternating copolymers with styrene, as illustrated 
in Figure 1, curves (b) and (c), respectively. However, 
unlike the maleic anhydride-styrene copolymer, these were 
not doubly alternating systems, but singly alternating 
ones, meaning that the reactivity ratio of only one 
comonomer is zero and that of the other comonomer is 
greater than zero. Variation of the mole fraction of the 
maleimide in the monomer feed ( singly alternating system) 
does have a small effect on the mole fraction of maleimide 
present in the copolymer. Similar single alternations have 
been observed in the copolymerization of styrene with 
N-butylmaleimide ( 41) , N-bornylmaleimide ( 4 6) , 
1.0 
14 0.8 
Cl) 
>, 
.-i 
0 
0.. 
0 0.6 C) 
.c 
.l,J 
c::: 0.4 -� 
.-i 
� 
dP 
I 
Cl) 
.-i 0.2 
0 
� 
1/ 
/ 
(a) 
/ 
/ 
/ 
I 
0 0.2 0.4 0.6 0.8 1. 0 
Mole-% M1 in the monomer mixture 
FIGURE 1. Copolymerization diagram for 
a. Styrene-maleic anhydride 
(r1=0.0095, r2=0) (44) 
b. Styrene-N-phenylmaleimide 
(r1=0.012, r2=0.047) (45) 
c. Styrene-rnaleimide 
(r1=0.l, r2=0.l) (40) 
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N-(p-chloro-phenyl)maleimide (47), and N-(p-carboxyphenyl)­
maleimide (47). 
The copolymers of maleimide and its derivatives have 
been demonstrated to be significantly different from maleic 
anhydride (MA) copolymers. For example, the 
copolymerization of 2-allylphenol (2AP) with maleic 
anhydride, maleimide, and N-phenylmaleimide was studied 
both neat and in a variety of solvents (48) and only the 
MA-2AP copolymers were equimolar for all starting feed 
ratios. 
F. The Q-e Scheme and Role of Charge-Transfer Complexes 
The Q-e scheme proposed by Alfrey and Price (49) has 
proved to be useful in correlating the structures of 
monomers with their reactivities in copolymerization. The 
specific reactivity of a monomer (determined by the 
resonance effect) is denoted by Q, and the polar character 
of the radical adduct is denoted by e. According to this 
semi-quantitative scheme, the copolymerization ratios can 
be given by the following equations: 
= 
14 
Relatively large Q values are associated with rela­
tively large reactivities. Electron donating monomers have 
negative e values whereas electron accepting monomers have 
positive e values. Hence r, Q, and e values which are 
determined from copolymerization data give valuable infor­
mation about the reactivities of the monomers and the 
nature of the mechanism(s) involved in the copolymerization 
reaction. 
Van Paesschen and Timmerman ( 40) copolymerized 
rnaleimide with styrene, vinylidene chloride, and methyl 
methacrylate and determined the reactivity ratios and the 
Q-e values. Of the three systems, only the 
maleimide-styrene copolymer was alternating in composition. 
Also, in the maleimide-styrene system, maleimide was found 
to have an extremely large Q value relative to the 
maleimide-vinylidene 
methyl methacrylate 
chloride system 
systems. This 
and the maleimide­
large Q value is 
indicative of a large monomer reactivity. Since in the 
case of maleic anhydride charge-transfer complexes are 
considered to be more reactive to polymerization than 
either one of the comonomers (50) and charge-transfer 
complex formation can lead to the formation of an 
alternating copolymer, it was postulated that the large Q 
value for maleimide in the maleimide-styrene system was 
indicative of charge-transfer complex formation in the 
transition state. Thus, a complex (figure 2) could be 
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formed by the transfer of an electron from the styrene 
double bond to the maleimide. 
H 0 
I � 
- c-c� 
.
J
_
C
/
NH 
I � 
H 0 
Figure 2. A Proposed Charge-Transfer Complex 
G. Effects of N-Substituents on the Copolymerization 
Behavior of Maleimide 
Yamaguchi and Minoura ( 46) investigated the radical 
copolymerization of N-bornylmaleimide (NBMI) with styrene, 
methyl methacrylate, and vinylidene chloride; only the 
N-bornylmaleimide-styrene system gave results similar to 
the maleimide-styrene system that Van Paesschen and 
Timmerman (40) had reported. In this study too, it was 
postulated that the large Q value of N-bornylmaleimide 
obtained for the N-borny lmaleimide-styrene system was due 
to the formation of an intermediate molecular complex 
between the electron-accepting N-bornylmaleimide and the 
electron-donating styrene. Listed in Table III (46) are 
the r, Q, and e values determined for several maleimide 
copolymers. It was postulated that the o2 values of the 
N-substi tuted maleimides tend to become large because of 
the resonance effects of the phenyl groups. The trend in 
values suggested that electron-withdrawing 
TABLE III 
M
l 
M
2 
r
l 
St NBMI 0.13 
MMA liBMI 2.02 
VC1
2 
NBMI l. 15 
St Maleimide 0 .1 
MMA MaleiJnide 2.50 
VC1
2 
MaleiJnide 0. 71 
Isobutyl NPMI 0 
Vinyl 
ester 
MMA NPMI 1. 38 
Vinyl NPMI 0.03 
acetate 
St li-n-Butyl- 1. 33 
maleimide 
St 
p-Chloro- 0.01 
MHA 
phenyl-
1. 08 maleunide 
Vinyl 0.02 
ac-=: ca c.e 
St :.- (Carboxy 0.02 
�:.'-V.. 
p-phenyl I l. 1 B 
mille1m1de 
Vinyl etnyl ester 0.02 
acecne 
r,Q,e Values for Some Maleimides 
r
2 
02 
0.05 l. 09 
0.16 0.58 
0.47 0.48 
0 .1 1. 8 
0. 17 0.43 
0.48 0.39 
0.32 0.33 
0.20 0.83 
0.66 0.56 
0. 12 3.08 
0.05 11. 6 
0. 17 1.15 
0.60 0.73 
0. l 6.3 
0. 11 l. 11 
0. l B 0.67 
e2 
l. 44 
l. 46 
J 
1. 47 
1. 34 
1.33 
J 
1. 33 
1.41 
l 1. 76 
l. 53 
l. 75 
1. 89 
l. 70 
l. 80 
1.19 
l. 83 
2.07 
Q average 
2 
e
2 
0. 48 1. 47 
0. 41 l. 33 
0.57 l. 57 
reference 
46 
40 
42 
41 
47, 43 
47, 43 
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Structures of Maleic Anhydride and 
Maleimide 
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N-substituents increase the e2 value of the monomer, 
indicative of an increase in the monomer's 
electron-accepting ability. 
In Figure 3 is a representation of the MA molecule 
(51) and of the MI molecule (52). Although these molecules 
appear to have similar structures, electronically they 
differ in that, the lone pair of electrons on the nitrogen 
atom of maleimide can interact with the carbonyl groups on 
either side thus creating partial single bond character in 
the carbonyl groups of maleimide (Figure 4). 
_J;;>,o 0 H - -
I 
R 
Figure 4. Resonance in Maleimide 
Since the o atom is more electronegative than the N atom, 
the lone pair of electrons on the O atom of maleic an­
hydride would not interact with the carbonyl functions as 
readily as the lone pair of electrons on the N atom of 
maleimide. Therefore, the C=O groups of MA would have 
greater double bond character than the C=O groups of MI. 
The C=O group with greater double bond character should 
19 
have higher electron affinity. This postulate was borne 
out by Matsuo (53), who found that on analysis of the 1H 
NMR chemical shifts of the ethylenic protons, the specific 
interaction between benzene and maleic anhydride is much 
greater than that between benzene and several N-substituted 
maleimides. Furthermore, he observed that in benzene there 
existed no appreciable differences between chemical shift 
for N-ethylmaleimide and N-ethylsuccinimide and little 
difference between maleic anhydride and succinic anhydride. 
Hence in such benzene-solute interactions the ethylenic 
double bond did not seem to play an important role. He 
concluded that the specific intermolecular interactions are 
due primarily to the nature of the carbonyl groups. 
Takase et al. (54) investigated the effects of alkyl 
substituents of N-alkylmaleimides in radical copoly-
merization. It appeared that as the electron-donating 
power of the alkyl substituent increased, so did the 
reactivity ratio (r 
2
) of the maleimide. In Figure 5 are 
plots of Q and e of the N-alkylmaleimides versus o*, the 
Taft's polar substituent constant. It is apparent that as 
the electron-donating power of the N-substituent increases 
the Q value (reactivity) increases and e value (polarity) 
decreases. As indicated by the data in Table IV, the 
carbonyl absorption band frequency of the maleimides 
decreased concomi ttant with an increase in the electron 
donating ability of the alkyl substituent. These results 
suggest that electron-donating subs ti tuents increase the 
N 
O' 
No. 
I 
2 
3 
4 
5 
6 
7 
8 
9 
JO 
II 
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A 
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6
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I. Cl CH
2CH2 
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7. nC4
H
9 
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FIGURE 5. Plots of Q
2 
and e obtained 
f rom the copolymerization with 
MMAO\) vs. cr * constant for N­
alkylm alemid e 
TABLE IV. Carbonyl absorption bands in the in­
frared s pectr a of N-alkymaleimides. 
N-alkylmaleimide (a) (cm-I) V 
C•O 
CEMI 1716 
BZ!11 1713 
PEMI 1715 
MMI 1713 
EM! 1712 
i-BMI 1710 
n-BMI 1710 
i-P!11 1706 
t-BMI 1709 
PhMI 1722 
Ml 1732 
Measured <n CHCl olut<on at cone. of 4.28x!0-
2
mol.L-l � 3 s � 
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single bond character of the carbonyl double bond. The 
concommi tant decrease of the e values indicates that the 
acceptor character (electron affinity) of the alkylmale­
imides decreases with electron donation into the imide 
ring. These results suggest that if a N-substituted 
maleimide with electron accepting ability which is similar 
to maleic anhydride is to be prepared, then the N-sub­
stituent should be electron withdrawing in nature so as to 
disrupt the nitrogen lone pair electrons from interacting 
with the carbonyl groups. 
Yamada et al. ( 55) carried out free radical 
copolymerizations of N-(4-substituted phenyl)maleimide 
[N-(4-RP)MI) (M2
) with styrene (M1) and methyl methacrylate 
(M1
) . Copolyrnerization with styrene gave a copolymer of 
1:1 alternating composition, independent of monomer feed 
ratios. The calculated r, Q, and e values are shown in 
Table v. For the relative reactivities of [N- (4-RP)MI] (r
2 
values) with polystyryl radical no order was obtained for 
all substituents. The authors postulated that in this 
reaction system the electrostatic interaction between the 
two monomers is much stronger than the effects of the 
4-substi tuent in [N- ( 4-RP) MI 1 • The one observation that 
was not made is that there is a trend for r1. r2 
to approach 
zero as the electron withdrawing ability of the 
4-substi tuent increases. In terms of copolymer composi-
tion, the electron withdrawing group (-COCH3) at the 
TABLE V. Monomer Reactivity Ratios for styrene (M1)-N­
(4-substituted phenyl) maleimides (M2) and o2
,e2 
values of N-(4-substituted phenyl) maleimides, 
CHCO�  
�Hco/ •• \-,,:/" 
· 
R group 
in M2 
CH
2 
H 
Cl 
OCOCH
3 
COOC2H5 
COCH3 
TABLE 
R group 
in M
2 
CH
3 
H 
Cl 
OCOCH
3 
COOC2H5 
Monomer reactivity ratio 
r
l r2 
r
l 
r
2 Q2 el 
0.25 0.08 0.02 0.8 1.18 
0.05 0.13 0.0065 3. 3 1. 45 
0.01 0.05 0.0005 11. 6 1. 89 
0.1 0.01 0.001 1. 2 1. 83 
0.02 0 .1 0.0002 6. 3 1. 79 
0.04 0.0 0.000 
VI . Monomer reactivity ratios for methyl methacry-
late (M
�
)-N-(4-substituted phenyl) maleimides (M
�
) 
a
2
, e
2 
alues of N-(4-substituted phenyl)maleimi es. 
CHCO
� 
!Hco � · 
Monomer reactivity 
r
l 
0.93 
0.98 
1. 08 
1.14 
1.18 
ratio 1 
r
2 
rl 
0. 41 1. 08 
0.30 1. 02 
0.17 0. 9 3 
0 .13 0.88 
0.11 0.85 
r
2 Q2 
e
2 
2. 4 4 1. 1 7 1. 38 
3. 33 1. 18 1. 51 
5.88 1. 15 1. 70 
7. 4 6 1.12 1. 77 
9.09 1.11 1. 83 
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4-position approximates the results obtained from the 
copolymerization of maleic anhydride with styrene. 
The r, Q, and e values determined for the copolymeri­
zation of [N-( 4-RP) MI] with methylmethacrylate are listed 
in Table VI. The relative reactivities of [N- ( 4-RP) MI J 
toward the poly(methyl methacrylate) radical (l/r
2
) clearly 
increased with the electron withdrawing ability of the 
4-substituent. As illustrated in Figures 6 and 7, 
Hammett's o values bore a linear relationship with both the 
values and log It was concluded that the 
radical reactivities of [N-(4-RP)MI) are influenced by the 
polar characteristics of the 4-substituents. 
H. Effect of N-Substituents on the Charge-Transfer 
Complexation of Maleimide 
Olson and Butler ( 55, 56) recently investigated the 
role of a charge-transfer complex in the alternating 
copolymerization of N-substituted maleimides and vinyl 
ethers. Two methods were employed for this study. The 
first method involved utilization of UV spectroscopy to 
detect charge-transfer bands. 
be described by: 
The complex equilibrium can 
A + D ;=.==:=:c 
where A is the acceptor concentration, D is the donor 
concentration, C is the complex concentration and K is the 
N ., 
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equilibrium constant. Olson investigated the complex 
formation of 2-chloroethyl vinyl ether (CEVE) with N-aryl­
maleimides with electron-donating and electron-withdrawing 
groups in the para position of the phenyl ring. The 
intensity of the charge transfer band was measured for five 
different CEVE concentrations with each maleimide. 
Absorbance measurements were made at 295 nm since neither 
CEVE nor the substituted maleimides exhibited any 
significant absorption at this wavelength. It was found 
that the KE 295 values are relatively small for those N-aryl 
maleirnides substituted with electron donating groups in the 
para position, and large for those with para electron 
withdrawing groups. This relationship is shown in a plot 
of KE 295 values versus the Hammett substi tuent constants 
(cr) for the para subs ti tuents (Figure 8) . If the 
295 
E 
values are similar within the series of N-arylmaleimides, 
'f · 29
5 d d'ff . h then the di ferences in KE are ue to i erences in t e 
equilibrium constants (K) for complex formation. This 
would mean that electron withdrawing para substituents 
enhance formation of the charge-transfer complex. One 
could extrapolate this reasoning further to say that it is 
possible that the increase in complexation with electron 
withdrawing ability of the para substituents is due to an 
increase in the acceptor character of the maleimide. 
The second method utilized by Olson to investigate 
charge-transfer complex formation was to study the 13c NMR 
spectra of copolymers of the N-arylmaleimides with CEVE. 
15.0 
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It was found that there is a greater preference for cis 
stereochernistry at the succinimide units when the maleimide 
is substituted with an electron withdrawing group (-CN), 
relative to substitution with an electron donating group 
(-OMe). Since conditions that were expected to increase 
the fraction of rnaleirnide monomers in the complexed state 
produced copolymers with a higher cis: trans ratio at the 
succinirnide uni ts, it was postulated that the copolymer 
stereochemistry was related to the maleimide-CEVE complex. 
The correlation between the mole fraction of cis succin-
irnide units found in the N-substituted maleimide-CEVE 
copolymers with the Hammett O constants of the substituents 
is shown in Figure 9. A similar relationship of the 
copolymer h . . h 29
5 
stereoc emistry wit K£ values was observed 
(Figure 10). It was concluded that the comonomer complex 
was participating in the propagating steps and that the 
succinimide stereochemistry is dependent on the fraction of 
maleimide monomer in complexed form. 
These studies conducted by Matsuo (52), Takase (53), 
Yamada ( 54) , and Olson ( 55) of N-substi tuted maleimides 
indicate that the electronic nature of maleimide could be 
altered with an electron withdrawing substituent to enable 
it to react similarly to maleic anyhydride during radical 
copolymerizations. 
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RESEARCH AIM 
The general aim of these investigations was to evaluate 
the effects of N-substituents on the polymerization behavior 
of maleimide. More specifically, the question of whether 
electron-withdrawing N-substituents on maleimide influence 
it to approximate the copolymerization properties of maleic 
anhydride was to be answered. 
The electron-withdrawing N-substituents of maleimide 
used were the amide group (N-carbamylmaleimide) and the 
carbethoxy group (N-carbethoxymaleimide). The electron 
donating N-substituents used were the phenyl group 
(N-phenylmaleimide) and the ethyl group (N-ethylmaleimide). 
N-carbamylmaleimide (NCMI) and N-phenylmaleimide (NPMI) 
were prepared by an addition reaction on maleic anhydride 
of urea and aniline, respectively, to yield the maleamic 
acid, which was then cyclized with loss of water to the 
imide form. Maleimide (MI) was prepared by degradation of 
NCMI in 
(NGEMI) 
N,N-dimethylformamide. N-carbethoxymaleimide 
was prepared by reaction of maleimide with 
ethylchloroformate in the presence of triethylamine. 
Since maleic anhydride is known to readily form 
charge-transfer complexes with electron-donating 
comonomers, the complexation properties of maleic 
anhydride, maleimide and N-substituted maleimides with the 
electron-donating systems styrene, furan and 2-chloroethyl 
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vinyl ether were evaluated and compared. Charge-transfer 
complexation was investigated by the use of ultraviolet 
(UV) spectroscopy and lH NMR spectroscopy. When 
charge-transfer bands were observed by uv spectroscopy, a 
continuous variation method, which involved monitoring the 
absorption of the charge-transfer band while varying the 
mole fraction of a component, was utilized to determine 
the stoichiometry of complexation. The formation constants 
of com pl ex at ion we re determined by 1 H NMR ex per imen ts 
using Hanna and Ashbaugh's adaptation of the 
Benesi-Hildebrand equation. 
Homopolymerization rates and copolymerization rates of 
MI, NCMI, and NCEMI were compared. The electron-donating 
monomer used for the copolymerizations was styrene. 
High yield copolymerizations with varied feed ratios of the 
NCMI-styrene system and NCEMI-styrene system were performed 
in order to determine whether NCMI and NCEMI form 1: 1 
alternating copolymers with styrene. 
It was also investigated whether a NPMI-MA 1: 1 
copolymer could be prepared. variation of copolymer 
composition with variation of monomer feed was determined 
by lH NMR spectroscopy and elemental nitrogen analysis. 
High pressure liquid chromatography was evaluated for 
suitability as a technique for monitoring monomer 
concentrations during NCMI-styrene copolymerization. 
RESULTS AND DISCUSSION 
The thrust of this research was to investigate whether 
the electronic properties of maleimide (MI) could be altered 
such that it would display properties similar to maleic 
anhydride in its polymerization behavior. Maleic anhydride 
(MA) is known to form alternating copolymers with electron-
donating monomers. Maleimide does not show as strong a 
propensity for alternation in its copolymerization with 
electron-donors. The alternation of comonomers in the 
copolymer structure of MA copolymers has been attributed 
(48) to its ability to form charge-transfer complexes with 
electron-donor species. 
Olson and Butler (56,57) reported that electron-with-
drawing substituents on the para position of 
N-phenylmaleimide (NPMI) increased the complexing ability of 
NPMI with the electron-qonating 2-chloroethyl vinyl ether 
(CEVE). Matsuo indicated (53) that the interaction between 
electron-donating benzene and electron-accepting MA is 
significantly greater than the interaction between benzene 
and N-substituted rnaleimides. Furthermore, in the 
interaction with benzene, he concluded that these inter-
molecular interactions were controlled by the nature of the 
carbonyl groups whereas the olefinic double bond did not 
seem to play a significant role. we postulated that the 
reason para-electron-withdrawing substituents of NPMI 
increased its complexation with CEVE (57) was because such 
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substituents, by induction and resonance, tied up the lone 
pair of electrons on the N atom of maleimide, thus 
preventing or reducing the frequency of the N lone pair 
electrons from resonating with the carbonyl groups of the 
imide ring (Figure 4). If the resonance within the 
maleimide ring was inhibited, the carbonyl bond strength 
would more closely approximate the carbonyl bond strength of 
maleic anhydride. If the carbonyl bond played a significant 
role in complexation with electron-donors, then the 
charge-transfer interaction between electron-donor and 
electron-acceptor would be enhanced, leading to an increase 
in complexation between the two species and ultimately to an 
increase in the alternation of the two components in the 
copolymers. 
Figure 11 indicates the structures of the maleimides 
used in this study. Two electron-withdrawing groups, the 
amide and carbethoxy groups, and two weakly 
electron-donating groups, the phenyl and ethyl groups, were 
used to compare the effects of electron-withdrawing and 
e 1 e ctr on-don at in g N -s u b st i t u en ts on the comp 1 ex in g and 
polymerization properties of maleimide. Besides being a weak 
electron-donor, the phenyl group could also have an effect 
on the maleimide carbonyl bond strength similar to an 
electron-acceptor by tying up the lone pair of electrons on 
the maleimide N atom (by resonance with the pi electrons in 
the phenyl ring) and thus decreasing resonance within the 
maleimide ring. Any effects due to mass of the substituents 
R = -H 
-� -HH2 
Maleimide (Ml) 
*O� 0 H 0 
N-Carbamylmaleimide (NCHI) 
-�-oc H W-Carbethoxymaleimide (NCEMI) 2 5 
-0 
-C2H5 
N-Phenylmaleimide 
(NPMI) 
N-Ethylmaleimide 
(NEMI) 
Figure 11. Substituent Groups That Were Utilized for Investigation of N-Substitu­
ent Effects on Polymerization Properties of Maleimide. 
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were assumed to be insignificant since the two 
electron-donating substituents had the smallest and largest 
molecular weights and the molecular weights of the two 
electron-withdrawing substituents fell in-between. 
The 13c NMR chemical shifts in DMSO-d6 of maleimide and 
some of the N-substituted maleimides are summarized in Table 
VII. It can be seen that the 13c chemical shifts of the 
olefinic and carbonyl carbons do not change very much with 
variation of the electronic nature of the substituent. 
However, a trend is observed for the carbonyl carbon 
chemical shifts. The carbonyl NMR resonances appearing 
farthest upfield are those contained in maleimides with 
electron-withdrawing groups. Changes in 13c chemical shift 
have often been related to changes in electron density about 
that carbon (58,59). If the electron-withdrawing 
N-substituents did increase the electron densit y around the 
carbonyl group, an upfield shift would be expected. 
IR spectroscopy of the maleimides was performed in KBr 
at 1% or lower concentrations. The imide ring carbonyls 
give two bands which are believed to be due to resonance 
between the symmetric and assymetric stretching modes (60). 
The less intense higher frequency band was denoted v H and 
the more intense lower frequency band was denoted vL• The 
observed carbonyl stretching frequencies are summarized in 
Table VIII. Hydrogen bonding in maleirnide and 
N-carbamylmaleimide (NC MI) (Figure 12) could decrease the 
force constant of the carbonyl bond; hence low 
R 
-H 
II 
-C-HH 
3 
2 
II 
-C-O·CH:zCH3 
3 4 5 
- CH2CH3 
6 7 
Table VII 
13c-NMR Chemical Shifts ·of Maleimide and N-Substituted 
Maleimide (DMSO-d6,TMS reference) 1 
1 2 3 
135 .13 172. 61 
135 .13 168.50 147.81 
135 .13 165.68 165.68 
134.24 170.67 
�o� 
0 H 0 
4 
63.83 
5 6 7 
13.98 
31. 97 13.56 
w 
Vl 
Table VIII 
IR Ring Carbonyl Stretching Frequencies of Maleic An­
hydride, !-!aleimide, and N-Substi tuted Maleimides 
Compound 
�O� 
0 N 0 
I 
II 
-C-NH2 
-H 
-0 
a)Y:Br pellets 
CONC. a 
( ,. ) 
0.50 
0.25 
0.1 0  
0.1 0 
0.25 
1.0 
1857 
1800 
1797 
1773 
1742 
1740 
b
)hiah frequency ring carbonyl stretch 
c
)low frequency ring carbor.yl stretch 
1780 
1770 
1745 
1710 
1710 
1707 
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concentrations were used in determining their carbonyl 
stretching frequencies. Primary amides show free N-H 
stretching modes near 3500 to 3400 cm-1 and bonded N-H 
stretching modes near 3350 to 3180 cm-1 (60). As shown in 
Figure 1 3, the IR spectra of NCMI, in 0.1% and 1% 
concentrations showed that there were free and bonded N-H 
stretching present. Secondary amides show free N-H 
stretching modes at 3460-3420 cm-1 and bonded N-H stretching 
modes at 3320-3140 cm-1 (60). As indicated in Figure 14, the 
solid solutions of MI gave an N-H stretching frequency at 
3200 cm-1 indicative that there was hydrogen bonding 
present. The carbonyl frequencies of maleic anhydride, 
maleimide, and the N-substituted maleimides are summarized 
in Table VIII. While keeping in mind that the H-bonding in 
MI and NCMI would have lowered the carbonyl stretching 
frequencies of the two moieties, it is seen that there is a 
definite trend for the carbonyl frequencies to shift toward 
the frequencies exhibited by maleic anhydride when the 
N-substituents are electron-withdrawing. The electron­
donating N-substituents appeared to decrease the force 
constant of the carbonyl bond. These observations are 
consistent with the postulates that (1 ) the lone pair of 
electrons on the imide N atom is in resonance with the 
carbonyl groups, creating a partial positive charge on the N 
a tom, ( 2 )  e 1 ectron-wi thdrawing groups would des tab il i ze the 
positive charge by inductive effect or tie up the lone-pair 
of electrons of the N atom by engaging in resonance with it, 
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and (3) electron-donating groups would stabilize the 
positive charge on the N atom and hence enhance maleimide 
ring resonance. 
Resonance within the MI ring would decrease the force 
constant of the carbonyl bond. The electron-withdrawing 
groups would decrease the MI ring resonance and thus 
increase the carbonyl bond strength, making it more similar 
to the carbonyl bond strength of maleic anhydride. Electron­
donating groups would have the opposite effect, making the 
maleimide carbonyl bond strength more dissimilar to that of 
maleic anhydride. 
The trends shown in the carbonyl 13c NMR chemical 
shifts and the IR carbonyl resonance frequencies indicate 
that the carbonyl bond strengths of maleimide are altered in 
a direction toward the carbonyl bond strength of maleic 
anhydride in the case of NCMI and NCEMI and in a direction 
away from MA in the case of NEMI and NPMI. 
Complexation Studies 
Charge-Transfer Complexes 
Formation of charge-transfer or electron-donor-acceptor 
complexes between monomers has been proposed as a step in 
the mechanism of formation of alternating copolymers (48). 
The charge-transfer resonance model was first formulated by 
Mulliken (61,62) in 1950 to account for the striking 
spectral features of many donor-acceptor complexes. There 
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is as yet no clear agreement on the limitations of the 
definition of charge-transfer complexes. The most general 
interpretation includes all complexes in which one component 
is a potential Lewis base (electron-donor) and the other a 
potential Lewis acid (electron-acceptor) (63). This broad 
definition can include polarization-bonded complexes at the 
weak end of the interaction energy scale and complexes of 
transition metal ions at the strong end of the scale (63). 
Charge-transfer complexes (CT Cs) have been studied by a 
vaciety of methods including optical techniques 
(ultraviolet, Raman, microwave, optical rotatory dispersion, 
polarimetry) diffraction (electron, neutron, x-ray), 
resonance (electron spin, nuclear magnetic, nuclear 
quadrupole, Mossbauer), dipole moments, conductance, and 
colligative properties (64). (For a general discussion of 
these methods see references 61-68.) 
Complexation Studies Utilizing Ultraviolet (UV) Spectroscopy 
The classical method for the determination of the 
equilibrium constant of complexation is that of Benesi and 
Hildebrand (69) which involves determination of the charge­
transfer absorbance of an electron-donor-acceptor 
combination for several electron-donor concentrations while 
the electron-acceptor concentration is k�pt constant and 
very much less than that of the electron-donor. Effective 
modifications of this method, such as the Scott method (70) 
and the scatchard method (71), have been reported. 
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The UV studies of this investigation focused upon 
determining whether an absorption band attributable to a 
charge-transfer complex could be observed and, if so, the 
stoichiometry of complex formation. A change in the 
absorption spectrum of the mixture when c ompared to the 
spectra of the individual components is considered to be due 
to complex formation. The complex absorption is greatest at 
the optimwn stoichiometry for complexation, meaning that if 
a 1:1 complex forms, its absorbance should be greatest in a 
1:1 mixture of the electron-donor and electron-acceptor. 
Such 1: 1 complex absorptions have been reported for 
complexes of maleic anhydride with styrene, cyclohexene, 
2,5-dihydrofuran, naphthalene (72), 1,2-dimethoxy ethylene 
(73), p-dioxene, isobutyl vinyl ether, divinyl ether (74), 
p-oxathiene (75), furan (76), dimethyldivinylsilane an d 
trimethylvinylsilane (77). UV charge transfer bands 
attributab le to electron-donor interactions with maleimide 
or N-substituted maleimides have not been reported to the 
best of our knowledge. The results of our charge-t ransfer 
(CT) absorption studies involving styrene are summarized in 
Table IX. MA-styrene and N-carbethoxymaleimide -styrene 
(NCEMI-styrene) had distinct CT bands at 340 nm in be nzene 
(Figure 15). oue to the insolubility of N-carbamylmaleimide 
(NCMI) in benzene and most other organic solvents, complex 
studies involving NCMI were limited to d ioxane solve�t. C� 
bands for NCMI-styrene were not observable though a very 
·weak complex absorption was observed for N-phenylmaleimide-
System 
MA-Styrene 
NCEMI-Styrene 
NCMI-Styrene 
NPMI-Styrene 
NPMI-Styrene 
MI-Styrene 
TABLE IX 
Summary of Charge-Transfer Absorptions Involving Styrene 
Total Maximum 
Concentratjon Solvent wave Length of Absorbance Complex 
(mol.L-1) Absorption (nm) (at nm) Stoichiometry 
0.1 Benzene 
0.1 Benzene 
0.001,0.1 Dioxane 
0.1 CHCl3 
0.1 Benzene 
0.1 Dioxane 
340 
340 
340,350,360 
0. 071 
0. 071 
0.018 
(350 nm) 
1:1 
1: 1 
1:1 
List of abbreviations is on page xvi. 
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styrene (NPMI-styrene) (Figure 1 5) having a maximum 
absorbance about 25% of that of the MA-styrene and NCEMI­
styrene complex absorbances. As summarized in Table x, 
complexation with furan was observed for MA and NCMI in 
dioxane (Figures, 16, 17, 18) whereas MI, NPMI, and NEMI 
displayed no charge-transfer bands. The polarity of the 
solvent seems to play a role in complexation. NCMI-furan 
displayed CT absorption in dioxane (dielectric constant 
2.209 at 25 C) but not in the more polar CHC13 (dielectric 
constant 4.806 at 20 C ). MA-furan had an opposite trend; 
the CT absorption being less in dioxane than in CHC13. A 
polar solvent would have a tendency to separate charged 
species of opposite charge and thus inhibit or retard 
charge-transfer complexation. Furthermore, CHCl3 is known 
to be a weak electron-acceptor molecule (79). It could 
compete with the electron-acceptor solute (i.e., NCMI or MA) 
for complexation sites on the electron-donor furan, thereby 
lowering the concentration of solute-solute complex. This 
could explain the absence of a CT band for NCMI-furan in 
CHC13 but does not account for the increased CT absorption 
of MA-furan. 
No evidence of CT absorption was observed for mixtures 
of 2-chloroethyl vinyl ether (CEVE ) with maleic anhydrid� 
(in CHC13 and in benzene), NCMI (in dioxane), NCEMI (in 
benzene), and MI (in benzene) at a total monomer concentra-
tion of O.lM. Kokubo et al (80) have determined the 
formation constant of complexation of MA-CEVE by use of DV 
TABLE X 
Summary of Charge-Transfer Absorptions Involving Furan 
System 
MA-Fur an 
MA-Fur an 
NCMI-Furan 
NCMI-Furan 
MI-Fur an 
NPMI-Furan 
NEMI-Furan 
Total 
Concentration 
(mol.L-1) 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
Solvent 
Dioxane 
CHC13 
Dioxane 
CHC13 
Dioxane 
Dioxane 
Dioxane 
List of abbreviations is on page 
Maximum 
Wave Length of Absorbance Complex 
Absorption (nm) (at nm) Stoichiometry 
290,315,325 
330,335 
291 
325,330,335 
0.068 (315) 
0.220 
0.053 (325) 
1:1 
1:1 
1: 1 
""' 
-i 
1.0 
0.9 
0.8 
0.7 
0.6 
0.5 
0.4 
0.3 
0.2 
0.1 • • 
0 0.2 0.4 0.6 0.8 1.0 
Mole Fraction of MA 
Fig.16. Continuous variation method applied 
to the charge-transfer absorption at 
291 nm in the MA-Furan system. Sol­
vent: CHCl3. (e) reported by Butler 
et. al. for unspecified concentra­
tions; (•) [r,'A] + [Furan] = 0.1 M. 
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Fig.17. Continuous variation method applied to 
the charge-transfer absorption in the 
MA-Furan system. [MA]+ [Furan] = 0.1 M; 
solvent: dioxane. 
49 
0.55 
0.05 
0.04 
Q) 
g O. 03 "' 
..0 ,.. 
0 
Ul 
..0 
� 
0.02 
0.01 
0 
Fig.18. 
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 
Mole Fraction of NCMI 
Continuous variation method applied tc the 
charge-transfer absorption in the NCMI-Furan 
system. NCMI + Furan =0.1 M; solvent:dioxane. 
( •) measured at 325 nm; ( •) at 330 nm; ( o) 
at 335 nm. 
so 
51 
spectroscopy and application of the Benesi-Hildebrand 
equation. They kept the MA concentration constant at 0.025M 
while the CEVE concentration was varied from 0.5 to 1.90M. 
CT absorption was observed at 340 and 350 nm in benzene and 
CHCl3. Since the Benesi-Hildebrand equation gives a linear 
plot only in the case of 1:1 complexes, it appears that 
MA-CEVE does form a 1:1 complex. The reason that no CT band 
for MA-CEVE was observed in our investigations may be due to 
the fact that the total monomer concentration was too low 
for a sufficient amount of CT complexation to occur for 
appearance of a CT band. 
It is significant that except for NPMI-styrene, all 
charge-transfer absorptions for complexes with styrene and 
with furan were observed only for MA and for maleimides 
substituted with electron-withdrawing groups (NCMI and 
NCEMI ). Barrales-Rienda et� reported (45) that no CT band 
was observed for NPMI-styrene at an unspecified total 
monomer concentration. The CT band we observed was 
extremely weak but nevertheless appears to be real, having 
an absorbance maximum at 0.5 mole fraction, indicative of 
1:1 complexation. As mentioned earlier, the phenyl 
substituent could tie-up the lone pair of electrons on the N 
atom of maleimide by resonance with its pi electrons. This 
wo u 1 d decrease ma 1 e i mid e r i n g resonance ( F i g u re 4 ) and 
increase the electron density of the maleimide carbonyl 
groups, leading to an enhancement in CT interaction with the 
electron-donor styrene. 
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Complexation Studies Utilizing lH �MR Spectroscopy 
Hanna and Ashbaugh (80) developed a technique similar 
to tha1:of Benesi and Hildebrand (69) whereby shifts of NM� 
resonances in solutions of donors and acceptors relative to 
the resonances of the components themselves are used to 
evaluate the equilibrium constant for complex formation. 
Hanna and Ashbaugh's method (69) has been elaborated upon by 
Tsuchida et al (79). 
Theory 
Consider the equilibrium: 
A + D =====�CTC 
Where A and D represent acceptor and donor molecules , 
respectively, and where CTC represents the charge-transfer 
complex. The equilibrium constant K is then given by: 
K = [CTC) I ( [Aol - [CTC)) ( [Dol - [CTC)) ( 1) 
where [A0 J and [D 0 J are the total concentrations of 
acceptor and donor, both complexed and uncomplexed. In the 
weak CTC, the chemical shift of protons in the A (or D) 
molecules are undergoing a rapid exchange between the 
comp lexed and uncomplexed states (81). Hence, the chemical 
shift of protons on A molecules is observed as a ?eak which 
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corresponds to the weighted average of the shift due to the 
free molecules of A and that due to the complex. This 
relationship is indicated (79) in Figure 19 and equation 
( 2) • 
Figure 19. 
Molecules 
liCTC 
Chemical Shifts of Protons on Acceptors (A) 
6Afr([A]/([A] + [CTC]) + 6ACTc([CTC]/([A] + 
[CTC]) ( 2) where 6Afr is the shift of acceptor protons in 
the free or uncomplexed form, 6Aobs is the observed shift 
of acceptor protons in the complexing media, and6ACTC is the 
shift of acceptor protons in the pure complex. 
( 3) 
( 4) 
When [D0 ] >> [A0 ], equations (1) and (2) are transformed 
into equation ( 5) (cf. equations ( 3) and ( 4)) : 
1/(D]o ( 5) 
54 
Equation ( 5) is analogous to the Benesi-Hildebrand equation 
(69) which applies to UV spectra, except that the 
concentration of the A molecule does not appear, and obs 
and CTC are used instead of the absorbance and molar 
absorptivity, respectively. 
Hanna and Ashbaugh (62) expressed equation (5) in the 
form of equation (6): 
1/ 6 obs ( 1/K 6 CTCl (1/ [Dal) + ( 1/ 6 CTCl (6) 
Thus, a plot of 1/ t.obs versus l/[D 0 ] gives a straight 
1 ine with a slope of 1/K. CTC and an intercept of 1/ 6 CTC 
from which K and CTC can be determined. 
When mixed with several different concentrations of 
styrene, the electron acceptors MA, MI, and the 
N-substituted maleimides showed definite chemical shift 
dependence of the olefinic protons upon the concentration of 
styrene (Figures 20-25 and Tables XI-XVI) showing linear 
relationships between l/[D 0 ] and 1/ 6 obsd 
Computer 
linear regression analysis of the data was performed and the 
reliability of the least squares parameters was checked 
(82,83) using the following equations: 
I (Ra - Re) 2/N-2 
i=l 
( 7) 
[Styrene] 0.0 0.8000 2.4000 3.2000 4.0000 
mol/L 
(MA] <0.05 <0.05 <0.05 <0.05 
<0.05 
cps 628.90 610.83 579.58 
564.45 551.75 
ppm 
Figure 20 
7.018 
I 
6.817 
11 Ill 
11 1 111 
11 II 
11 II 
6.468 
I I 1111 11 II 
I I 1 111 11 11 
6.299 6.157 
I I IIJ 
111 1111 11  11 IIH 
l. 
1
H NMR Chemical Shifts of Maleic Anhydride (MA) with Several Concentrations 
of Styrene (in CDCl3 at 33.0
°C). Vl 
Vl 
[MA] 
mol.L-l 
<0.0500 
<0.0500 
<0.0500 
<0.0500 
<0.0500 
<0.0500 
Table XI 
1H NMR DATA FOR THE DETERMINATION OF EQUILIBRIUM CONSTANT OF COMPLEXATION OF THE 
MALEIC ANHYDRIDE-STYRENE SYSTEM (in CDC13 at 33.0
°C) 
[STYRENE] 6A A 1/[STYRENE] obsd 6 obsd 
mol.L-l cps cps L.mol-l 
- 628.90=6A
0 
0.8000 610.83 18.07 1.2500 
1.6000 a a 0.6250 
2.4000 579.58 49.32 0.4167 
3.2000 564.45 64.45 0.3125 
4.0000 551. 75 77 .15 0.2500 
a) MA peak was hidden behind a styrene peak 
correlation coefficient = 0.9999; slope = 0.0423; intercept = 0.0025 
A 
l/t:, obsd 
cps-I 
0.0553 
a 
0.0203 
0.0155 
0.0130 
V1 
CTI 
[Styrene] 0.0 1.6002 2.4003 3.2004 4.0005 4.8006 
mol/L 
[NCEMI] 0.0500 0.0500 0.0500 0.0500 0.0500 0.0500 
cps 611. 32 peak 571.77 560.54 549.31 539.06 
ppm 6.822 hidden 6.381 6.256 6 .130 6.016 
I 
i i l 
1 "- t 
Figure 21. 
1H NMR Chemical Shifts of N-carbethoxymaleimide (NCEMI) with Several Con­
centrations of Styrene (in CDCl3 at 32.3
°C). Ul 
-..J 
[NCEMI] 
mol.L-l 
0.0500 
0.0500 
0.0500 
0.0500 
0.0500 
0.0500 
Table XII 
1H NMR DATA FOR THE DETERMINATION OF EQUILIBRIUM CONSTANT OF COMPLEXATION 
OF THE N-CARBETHOXYMALEIMIDE-STYRENE SYSTEM (in CDC13 at 32.3
°C) 
[StyreneJ o
A 
obsd 
t.A 
obsd 1/[Styrene] 
mol.L-l cps cps L.mol-l 
- 611.32= 0\ - -
1.6002 a a 0.6249 
2.4003 571.77 39.55 0.4166 
3.2004 560.54 50.78 0.3125 
4.0005 549.31 62.01 0.2500 
4.8006 539.06 72.26 0.2083 
a) olefinic proton resonance of NCEMI was hidden behind a styrene peak. 
correlation coefficient= 0,9999; slope = 0.0553; intercept= 0.0023 
116\bsd 
cps-l 
a 
0.0253 
0.0197 
0.0161 
0.0138 
Vl 
(X) 
[Styrene] 0.0 0.8001 1. 6002 2.4003 3.2004 4.0005 4.8006 
mol/L 
[NCMI] 0.02 0.02 0.02 0.02 0.02 0.02 0.02 
cps 614.25 peak peak 569.33 555.66 542.96 532.22 
ppm 6.855 hidden hidden 6.354 6.201 6.059 5.939 
\ 
i ! 
I" 
Figure 22. 
1
11 NMR Chemical Shifts of Olefinic. Protons of N-carbamylmaleimide (NCMI) 
with Several Concentrations of Styrene (in CDCl3 at 32.9
° C). 
Ul 
ID 
[NCMI] 
mol.L -1 
0.02 
0.02 
0.02 
0.02 
0.02 
0.02 
0.02 
Table XIII 
1H NMR DATA FOR THE DETERMINATION OF EQUILIBRIUM CONSTANT OF COMPLEXATION 
OF THE N-CARBAMYLMALEIMIDE-STYRENE SYSTEM (in CDC13 at 32.9
°C) 
[Styrene] A 0 obsd 
A 
t. obsd 1/(Styrene] 
mol.L-l cps cps L.mol-l 
- 614.25=0\ - -
0.8001 a a 0.1250 
1.6002 a a 0.6249 
2.4003 569.33 44.92 0.4166 
3.2004 555.66 58.59 0.3125 
4.0005 542. 96 71. 29 0.2500 
4.8006 532.22 82.03 0.2083 
a) olefinic proton resonance of NCMI was hidden behind a styrene peak. 
correlation coefficient = 0.9997; slope = 0.0488; intercept = 0.0019 
A 
l/t. obsd 
cps-1 
a 
a 
0.0223 
0.0171 
0.0140 
0.0122 
[Styrene] 0.0 0.8000 1.6000 2.4000 3.2000 4.0000 
mol/L 
[NPMI] 0.0500 0.0500 0.0500 0.0500 0.0500 0.0500 
cps 612.79 602.53 peak peak 573.73 564.45 
ppm 6.839 6.724 hidden hidden 6.403 6.299 
l 
l
_j 
1'-· .� 
Figure 23. 1tt NMR Chemical Shifts of Olefinic Protons of N-Phenylmaleimide (NPMI) with 
Several Concentrations of Styrene (in CDCl3 at 33.0
° C). 
,_ 
O'\ 
...... 
[NPMI] 
mol.L -1 
0.0500 
0.0500 
0.0500 
0.0500 
0.0500 
0.0500 
Table XIV 
1H NMR DATA FOR DETERMINATION OF EQUILIBRIUM CONSTANT OF COMPLEXATION 
OF THE N-PHENYLMALEIMIDE-STYRENE SYSTEM (in CDC13 at 33.0
°C) 
[STYRENE] A A 1/LSTYRENE] 0 obsd 1::, obsd 
mol.L-l cps cps L.mol-l 
- 612.79= 0\ - -
0.8000 602.53 10.06 1.2500 
1.6000 a a 0.6250 
2.4000 a a 0.4167 
3.2000 573.73 39.06 0.3125 
4.0000 564.45 48.34 0.2500 
a) NPMI olefinic proton peak was hidden behind a styrene peak 
correlation coefficient= 1.0000; slope = 0.0787; intercept= 0.0010 
A 
l/1::, obsd 
cps-I 
0.0994 
a 
a 
0.0256 
0.0207 
0\ 
N 
[Styrene] 0.0 
mol/L 
[MI] 0.0500 
cps 600.58 
599.12 
ppm 6.702 
6.686 
i 
1.6000 
0.0500 
579.10 
577.63 
6.463 
6.446 
I 
i 1  
I\J',1 iu I , \ 
2.4000 
0.0500 
568.35 
567.38 
6.343 
6.332 
111 I 11 II 
111 U 
µw�1L_ . ,, _ 
3.2000 
0.0500 
554.68 
553.22 
6.190 
6.174 
I I� II 1111 11 1 
I' . I 11' 
111 i I 1 ,:,: 
�I 
i ,�!lJl �-
4.0000 
0.0500 
550.29 
548.82 
1111 
rnn 1 
lifil li l 
6.141 
6.125 
ll ji 11,; L I I ' 
Figure 24. 
1
11 NMR Chemical Shifts of Maleimide (MI) with Several Concentrations of Sty­
rene (in CDCl3 at 32.9
° C). er, 
w 
[MI J 
mol.L -1 
0.0500 
0.0500 
0.0500 
0.0500 
0.0500 
0.0500 
Table XV 
1H NMR DATA FOR THE DETERMINATION OF EQUILIBRIUM CONSTANT OF THE 
[STYRENE] 
mol.L-l 
-
0.8000 
1.6000 
2.4000 
3.2000 
4.0000 
MALEIMIDE-STYRENE SYSTEM (in CDC13 at 32.9
°C) 
A 6 obsd 
cps 
A 600.58=6 obsd 599.12 
a 
579.10 
577. 63 
568.35 
567.38 
554.68 
553.22 
550.29 
548.82 
A 
t:i obsd 
cps 
a 
21.48 
21.49 
32.23 
31. 74 
45.90 
45.90 
50.29 
50.30 
1/[STYRENEJ 
L.mol-l 
1. 2500 
0.6250 
0.4167 
0.3125 
0.250 
a) MI peaks were hidden behind styrene peaks 
downfield peak - correlation coefficient = 0.9958; slope = 0.0738; intercept = 0.0002 
upfield peak correlation coefficient = 0.9955; slope = 0.0737; intercept = 0.0004 
A 
l/t:i obsd 
cps-1 
a 
0.0466 
0.0465 
0.0310 
0.0315 
0.0218 
0.0218 
0.0199 
0.0199 
°' 
,t,. 
[MI] 
mol.Ll 
0.0500 
0.0500 
0.0500 
0.0500 
0.0500 
TABLE XVI 
lH NMR Data for Determination of Equilibrium Constant of 
Complexation for the Maleimide - Styrene System (in CDCl3 at 32.9
°
C) 
[Styrene] o A obsd ( a) t>. A obsd 1/[Styrene] 
mol.L-1 cps cps L.mo1-l 
--- 5 9 9. 8 5= 0 0A 
1.6000 578.37 21.48 0.6250 
2.4000 567.87 31.98 0.4167 
3.2000 553.95 42.90 0.3125 
4.0000 549.56 50.29 0.2500 
a
)mean values of chemical shifts of the MI doublet are given. 
correlation coefficient = 0.9957; slope = 0.0738; intercept = 0.0003 
l; A obsd 
;l>, 
cps-1 
0.0466 
0. 0 313 
0 .o 218 
0.0199 
CTI 
V1 
..... 
I 
en 
0. 
u 
'C en 
..c 
0 
,=: 
<l ' ..... 
0 .10 
0.05 
0 0.2 0. 4 0. 
1/[STYRENE] L.mol-l 
• 0 
Fig.25. 
1
H NMR Determination of the Equilibrium Constant of 
Cornplexation between Styrene and Electron-acceptors. 
66 
System 
MA-Styrene 
NCEMI-Styrene 
NCMI-Styrene 
NPMI-Styrene 
MI-Styrene 
TABLE XVII 
Calculated Equilibrium Constants of Complexation (K) Based on 
lH NMR Data in CDCl3 
Temperature K Relative Standard ___ Limits of K at 
( C) ( L .mol -1) Deviation of K ( % ) 90% Confidence 
33.0 0.0591 + 0.0025 4 0.0562-0.0620 
32.3 0.0416 + 0.0036 9 0.0374-0.0458 
3 2. 9 0.0389 + 0.0062 15 0.0316-0.0462 
33.0 0.0127 + 0.0004 3 0.0120-0.0134 
33.0 0.0038 + 0.0266 700 -0.0588-0.0664 
Abbreviations are listed on page xvi. 
O'I 
-.J 
68 
N 2 N 
D = N E (Ci r:Ci) 2] (8a) 
i=l i=l 
or, 
N 
ci i 2 D = N E (Ci ( Bb) 
i=l 
where Ra is the actual measurement and Re is the calculated 
measurement for R = mC+b (Y=R; X=C). By establishing the 
limits of the K values at a 90% confidence interval (84) a 
range in the formation constants of complexation was 
determined (Table XVII). As expected MA-styrene had the 
largest K value. The two maleimides with 
electron-withdrawing substituents, NCEMI and NCMI had the 
next largest K values and their ranges of K indicate that 
the difference in K values between them is not significant. 
Since the olefinic protons of MI appeared as a doublet 
(Figure 24), the mid-point of the doublet was used for 
equilibrium constant calculations (Table XVI). The K value 
determined for MI-styrene appears to be statistically 
unreliable (Table XVII) which could mean that the degree of 
complexation between MI and styrene is negligible. As noted 
by the weak CT band in the UV spectrum of NPMI-styrene, the 
phenyl moiety appears to very slightly enhance the 
complexing ability of MI with styrene. 
Furan complexes also showed olefinic proton shifts of 
acceptor in the presence of several donor concentrations 
69 
(Figures 26-31) and linearity of plots (Tables XVIII - XXIV 
and Figure 32) which enabled the determination of formation 
constants (Table XXV). Again, MA had the largest formation 
constant. NC MI-furan and MI-furan yielded approximately 
similar K values. The K values of NCEMI-furan and 
NPMI-furan too were approximately similar. As predicted, 
NEMI, the maleimide with the most strongly electron-donating 
substituent, yielded the smallest K value. All ranges of 
formation constants were at the 90% confidence limit. The 
trend of K values determined for complexes involving styrene 
is not followed in the case of the complexes involving 
furan. In the furan complexes, the electron-withdrawing 
groups do not appear to enhance complex formation (lower K 
value in NCEMI-furan than in MI-furan). However, 
electron-donating groups appear to have a deleterious effect 
on complexation (lowest K value was for NEMI-furan). 
A lH N MR complexation study of 2-chloroethyl vinyl 
ether (CEVE) with MA in CDCl3 was carried out using a MA 
concentration of 0.045 M and CEVE concentrations ranging 
from 0.7458 M to 3.7288 M. Unlike the earlier studies with 
styrene and furan, the MA olefinic protons showed no change 
in chemical shift, staying constant at 7.028 ppm (629.39 
Hz) • However, the isotopic proton chemical shift of CDCl3 
displayed a downfield shift with increasing CEVE 
concentration. No formation constant of complexation for 
coc13-cEVE could be calculated, indicating that it was 
unlikely that a com-plexation mechanis,n was causing the CDCl3 
[Furan] 
mol/L 
[MA] 
cps 
ppm 
0.0 1.0000 2.0000 4.0000 6.0000 8.0000 
0.01 0.01 0.01 0.01 0.01 0.01 
628.90 620.11 613.28 598.63 585.44 574.70 
7.018 6.920 6.844 6.681 6.533 6.414 
i 
i i \, 
J w 
Figure 26. 1H NMR Chemical Shifts of Maleic Anhydride (MA) with Several Con­
centrations of Furan (in coc1 3 at 30.0
° C). 
" 
0 
Table XVIII 
1H NMR DATA FOR DETERMINATION OF EQUILIBRIUM CONSTANT OF COMPLEXATION OF THE 
MALEIC ANHYDRIDE-FUR
AN SYSTEM (in CDC13 at 30.0
°C) 
-[MA] [Furan] o
A 
obsd 
6
A 
obsd 1/[Furan] 
mol.L-l mol.L-l cps cps L.mol-l 
0.01 -- 628.90=0\ -- --
0.01 1.0000 620.11 8. 79 1.0000 
0.01 2.0000 613.28 15.62 0.5000 
0.01 4.0000 598.63 30.27 0.2500 
0.01 6.0000 585.44 43.46 0.1667 
0.01 8.0000 574.70 54.20 0.1250 
correlation coefficient = 0.9987; slope = 0.1097; intercept = 0.0057 
l/
6\bsd 
cps-l 
-
0.114 
0.0640 
0.0330 
0.0230 
0.0185 
-...J 
I-' 
[Furan] 0.0 1.0000 2.0000 4.0000 6.0000 
mol/L 
[NCMI] 0.01 0.01 0.01 0.01 0.01 
cps 614.25 606.93 599.60 587.40 576.66 
ppm 6.855 6. 773 6.691 6.555 6.435 
I 
l 
i i 
/--
i .... � 1 
Fi9ure 27. 
1
H NMR Chemical Shifts of Olefinic Protons of N-carbamylmaleimide (NCMI) with 
Several Concentrations of Furan (in CDCl3 at 30.0
°C). 
-..J 
I\) 
LNCMI] 
mol.L-l 
0.01 
0.01 
0.01 
0.01 
0.01 
Table XIX 
1H NMR DATA FOR DETERMINATION OF EQUILIBRIUM CONSTANT OF COMPLEXATION OF THE 
N-CARBAMYLMALEIMIDE-FURAN SYSTEM (in CDC13 at 30.0
°C) 
[ Fu ran] 
mol.L-l 
1.0000 
2.0000 
4.0000 
6.0000 
A 
6 obsd 
cps 
614.25 
606.93 
599.60 
587.40 
576.66 
A 6 obsd 
cps 
7.32 
14.65 
26.85 
37.59 
1/(FuranJ 
L.mol-l 
1.0000 
0.5000 
0.2500 
0.1667 
correlation coefficient = 0.9997; slope = 0.1326; intercept = 0.0037 
A 1/t. obsd 
-1 cps 
0.137 
0.0683 
0.0372 
0.0266 
-.J 
w 
[Fur an] 0.0 2.3993 3.5990 4.7986 5.9983 
mol/L 
[NCEMI] 0.0500 0.0500 0.0500 0.0500 o .  0500 
cps 611. 32 596.67 589.35 583.oo· 577.63 
ppm 6.822 6.659 6.577 6.506 6.446 
\ 
II 
i 
I II 
i 
--1-
Figure 28. 
1tt NMR Chemical Shifts of Olefinic Protons of N-carbethoxymaleimide (NCEMI) 
with Several Concentrations of Furan (in CDC13 at 32.3
°C). 
-.J 
,I:> 
Table XX 
1H NMR DATA FOR DETERMINATION OF EQUILIBRIUM CONSTANT OF COMPLEXATION OF THE 
N-CARBETHOXYMALEIMIDE-FURAN SYSTEM (in CDC13 at 32.9
°C) 
[NCEMI] [Furan] 
A 6 obsd 
A 
6 obsd 1/[Furan] 
mol.L-l mol.L-l cps cps L.mol-l 
0.0500 -- 611. 32=6\ -- --
0.0500 2.3993 596.67 14.65 0.4168 
0.0500 3.5990 589.35 21. 97 o. 2779 
0.0500 4.7986 583.00 28.32 0.2084 
0.0500 5.9983 577. 63 33.69 0.1667 
correlation coefficient= 0.9992; slope = 0.1553; intercept = 0.0032 
A 
l/t. obsd 
cps-I 
0.0683 
0.0455 
0.0353 
0.0297 
-J 
Ul 
[Furan] 0.0 1.0000 2.0000 2.5000 3.0000 4.0000 
mol/L 
[NPMI] 0.0500 0.0500 0.0500 0.0500 0.0500 0.0500 
cps 613. 28 608.39 604.00 601. 56 599.12 594. 72 
ppm 6.844 6.790 6.741 6. 713 6.686 6.637 
I II ti I � I I ll i I II i 
J 
Figure 29. 1H NMR Chemical Shifts of Olefinic Protons of N-phenylmaleimide (NPMI) with 
several Concentrations of Furan (in coc13 at 32.0
° C). -J 
O'\ 
LNPMI] 
mol.L -1 
0.0500 
0.0500 
0.0500 
0.0500 
0.0500 
0.0500 
0.0500 
Table XXI 
1H NMR DATA FOR DETERMINATION OF EQUILIBRIUM CONSTANT OF COMPLEXATION OF 
lHE N-PHENYLMALEIMIDE-FURAN SYSTEM (in CDC13 at 32.0
°C) 
[FU RAN] 6A obsd 
tl 
obsd 1/[FURANJ 
mol.L-l cps cps L.mol-l 
-- 613.28=6A
0 
-- --
1.0000 608.39 4.89 1.0000 
2.0000 604.00 9.28 0.5000 
2.5000 601.56 11.72 0.4000 
3.0000 599.12 14.16 0.3333 
4.0000 594.72 18.56 0.2500 
5.0000 587.89 25.39 0.2000 
correlation coefficient = 0.9990; slope = 0.2031; intercept = 0.0027 
l/fl
A
obsd 
cps-I 
-
0.204 
0.108 
0.0853 
0.0706 
0.0539 
0.0394 
[Fur an] 0.0 1. 0007 2.0014 2.4017 4.0000 
mol/L 
[NEMI] 0.0500 0.0500 0.0500 0.0500 0.0500 
cps 598.63 594.23 589.84 588.38 581. 54 
ppm 6.681 6.632 6.583 6.567 6.490 
I I !I I !I I I II l 
l 
Figure 30. 
1
H NMR Chemical Shifts of Olefinic Protons of N-ethylmaleimide (NEMI) with 
several Concentrations of Furan (in CDCl3 at 32.0
°C). -..J 
co 
[NEMI] 
mol.L-l 
0.0500 
0.0500 
0.0500 
0.0500 
0.0500 
Table XXII 
1H NMR DATA FOR DETERMINATION OF EQUILIBRIUM CONSTANT OF COMPLEXATION OF THE 
N-ETHYLMALEIMIDE-FURAN SYSTEM (in CDC13 at 32.0
°C) 
[Furan] A 0 obsd 
A 6 obsd 1/[Furan] 
mol.L-l cps cps-
1 L.mol-l 
-- 598.63=oAo 
1. 007 594.23 4.40 0.9993 
2.0014 598.84 8.79 0.4997 
2.4017 588.38 10.25 0.4164 
4.0000 581. 54 17.09 0.2500 
correlation coefficient = 0.9999; slope = 0.2243; intercept = 0.0028 
A 
l/t. obsd 
cps-l 
0.227 
0.114 
0.0976 
0.0585 
-.J '° 
[Furan] 0.0 1.0000 2.0000 3.0000 4.0000 5.0000 6.0000 7.0000 
mol/L 
[MI] <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 
cps 601.07 595.70 591.30 585.93 581.05 577.14 573.24 569.82 
599.60 594.23 590.33 584.47 579.58 575.68 571. 77 568.35 
ppm 6.708 6.648 6.599 6.539 6.484 6.441 6.397 6.359 
6.691 6.632 6.588 6.523 6.468 6.425 6.381 6.343 
i 
i i 
i \ 
\ 
\ 
,. .I J l I.JIU_ -�ij.J 1l A � 
Figure 31 1tt NMR Chemical Shifts of Olefinic Protons of Maleimide (MI) with Several Con­
centrations of Furan (in CDCl3 at 32.0
° C). 
00 
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Table XXIII 
1H NMR DATA FOR DETERMINATION OF EQUILIBRIUM CONSTANT OF COMPLEXATJON OF THE 
MALEIMIDE-FURAN SYSTEM (in CDC13 at 32.0
°C) 
-
[Ml] [FURAN] A 
A 1/(FURAN] 
A 
6 obsd 11. obsd l/11. obsd 
mol.L -1 mol.L-l cps cps L.mol-l cps-l 
<0.0500 - b01.07=i
0 
- -
599.60 
<0.0500 1.0000 595.70 5.37 1.0000 0.186 
1.0000 594.23 5.37 1.0000 0.186 
<0.0500 2.0000 591. 30 9. 77 0.5000 0.102 
2.0000 590.33 9.27 0.5000 0.108 
<0.0500 3.0000 585.93 15.14 0.3333 0.0661 
3.0000 584.47 15.13 0.3333 0.0661 
<0.0500 4.0000 581. 05 20.02 0.2500 0.0500 
4.0000 579.58 20.02 0.2500 0.0500 
<0.0500 5.0000 577. 14 23.93 0.2000 0.0418 
5.0000 575.68 23.92 0.2000 0.0418 
<0.0500 6.0000 573.24 27.83 0.1667 0.0359 
6.0000 571.77 27.83 0.1667 0.0359 
Table XXIII(Cont.) 
1H NMR DATA FOR DETERMINATION OF EQUILIBRIUM CONSTANT OF COMPLEXATION OF THE 
THE MALEIMIDE-FURAN SYSTEM (in CDC13 at 32.0
° C) (continued) 
[Ml] 
mol.L-1 
<0.0500 
<0.0500 
[FURAN] 
mol.L -l 
7.0000 
7.0000 
8.0000 
8.0000 
6A 
obsd 
cps 
569.82 
568.35 
a 
a} MI peaks were hidden behind styrene peak 
e,A 
obsd 
cps 
31. 25 
31. 25 
a 
1/(FURAN] 
L.mol-l 
0.1429 
0.1429 
0.1250 
0.1250 
downfield peak - correlation coefficient = 0.9991, slope = 0.1816; intercept = 0.0061 
upfield peak - correlation coefficient = 0.9967; slope = 0.1830; intercept = 0.0065 
A 1/ti obsd 
-1 cps 
0.0320 
0.0320 
a 
co 
N 
[MI] 
mol .Ll 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
TABLE XXIV 
lH NMR Data for Determination of Equilibrium Constant of 
• • • 0 
Complexation (K) of the Male1m1de - Furan System (1n CDCl3 at 32.0 C) 
[Furan] 0A obsd(a) 6 
A obsd 1/[Furan] 
mol.L-1 cps cps L.mo1-l 
--- 600.34= 6� 
1.0000 594.97 5.37 1.0000 
2.0000 590.82 9.52 0.5000 
3.0000 585.20 15.14 0.3333 
4.0000 580.32 20.02 0.2500 
5.0000 576.41 23.93 0.2000 
6.0000 572.51 27.83 0.1667 
7.0000 569.09 31. 25 0.1429 
a
)mean values of chemical shists of the MI doublet are given. 
correlation coefficient= 0.9971; slope = 0.1�36; intercept= 0.0051 
l; A obsd 
cps-1 
0 .186 2 
0.1050 
0.0661 
0.0450 
0.0418 
0.0359 
0.0320 
co 
w 
TABLE XXV 
Calculated Equilibrium Constants of Complexation (K) Based on 
lH NMR Data in CDCl3 
Temperatur-e 
System ____ � � -( C) 
MA-Fur an 30.0 
NCMI-Furan 30.0 
MI-Fur-an 32.0 
NCEMI-Fur-an 32.9 
NPMI-Fur-an 32.0 
NEMI-Fur-an 32.0 
K 
(L.mo1-l) 
0.052 + 0.017 
0.028 + 0.007 
0.0278 + 0.0009 
0.021 + 0.004 
0.024 + 0.014 
0.013 + 0.004 
Rel aT1ve�-Stan�aard Limits of K at 
Deviation (%) 90% Confid«rnce 
33 0.036-0.068 
25 0.020-0.036 
3 0.0271-0.0285 
19 0.016-0.026 
58 0.011-0.037 
31 0.008-0.018 
00 
,i,. 
85 
0.20 
MI-FURAN 
0.15 
.... 
I 
UI 
. 0. 
'O 
UI 
..0 
0 
<l 0.10 " .... 
0.05 
0 • 2 • 4 • 6 . 3 1. 0 1. 2 
1/ [FURAl.J � L. mo 1 - l 
Fig. 32. 1H l'lMR Determination of the Equilibrium Constant o: 
Cor�?lexation between Furan and Elect.ron-acce;,tors. 
proton chemical shift. 
86 
Tsuchida et al. reoorted (79) the -- .. 
determination of a formation constant of 0.33 L.mo1-l for 
the MA-CEVE complex in n-hexane using the lH NMR techni�ue. 
Their experimental procedure involved using the chemical 
shift of CHCl3 as a calibration mark assuming that it had a 
constant shift value of 436 cps from TMS AT 60 MHz. The 
change in chemical shift for the cnc13 resonance at 90 MHz 
that we observed indicates that Tsuchida et al's 
determination of the K value for MA-CEVE is in error because 
the point of reference used (CHCl3 resonance) has a variable 
chemical shift with different concentrations of CEVE. In 
our investigation, a plot of 1/[CEVE) versus the reciprocal 
of the difference in chemical shift value between MA and 
CDCl3 for the corresponding CEVE concentration did not yield 
a reasonable K value. Since there was no evidence of MA-
CEVE complexation in COCl3 (at the concentrations used), a 
less polar solvent, cc14, was used for investigation of CEVE 
complexes. The MA protons displayed a doublet (Figure 33 
and Table XXVI) and the mid-point of the doublet was used to 
measure chemical shift changes in MA for determination of 
the K value of MA-CEVE (Table XXVII). Unlike the styrene 
and the furan complexation experiments, the chemical shift 
changes of the electron-acceptors with increasing CEVE 
concentration were very small. As summarized in Table 
XXVIII, only MA-CEVE and MI-CEVE lH NMR studies yielded a 
calculable value for a complex formation constant but their 
large standard deviations and the exceptionally large value 
[CEVE] 0.0 0.7993 1.5986 2.3980 3.1973 3. 9966 
mol/L 
[MAJ 0.0218 0.0218 0.0218 0.0218 0.0218 0.0218 
cps 623.041 623.53 624.51 
626.461 
625.48 626.46 
622.07 625.00 
ppm 6.9531 6.959 6.969 
6.9921 
6.980 6.991 
6.942 6.975 
l 11111•1 i IHIIII l I I \1 I I J 
i 
� 'v 
.\IJ � 
Figure 33. 
1
11 NMR Chemical Shifts of Olefinic Protons of f1aleic Anhydride (MA) with Sev­
eral Concentrations of 2-Chloroethyl Vinyl Ether (CEVE) (in ccl4 at 32.3
° C). 
Cl) 
-.J 
[MAJ 
mol.L-1 
0.0218 
0.0218 
0.0218 
0.0218 
0.0218 
0.0218 
Table XXVI 
1H NMR DATA FOR ATTEMPTED DETERMINATION OF EQUILIBRIUM CONSTANT OF COMPLEXATION 
OF THE MALEIC ANHYDRIDE-2-CHLOROETHYL VINYL ETHER SYSTEM (in CCl4 at 33
°C) 
[CEVE] 
mol.L-l 
-
0.7993 
1.5986 
2.3980 
3.1973 
3. 9966 
A 6 
obsd 
cps 
623.04 60 
622.07 A 
623.53 
624.51 
626.46 
625.00 
625.48 
626.46 
A 
ti obsd 
cps 
0.49 
1. 46 
1. 47 
2.44 
3.42 
2.93 
2.44 
3.41 
3.42 
4.39 
1/[CEVE] 
L.mol-l 
1. 2511 
0.6255 
0.4170 
0.3128 
0.2502 
downfield peak - correlation coefficient = 0.9865; slope = 1.7389; intercept = -0.2068 
upfield peak - correlation coefficient = 0.9956; slope = 0.4343; intercept = 0.1433 
A 
l/6 obsd 
-1 cps 
2.04 
0.68 
0.68 
0.41 
0.29 
0.34 
0.41 
0.29 
0.29 
0.23 
Table XXVII 
ltt NMR Data For Attempted Determination of Equilibrium Constant 
of Complexation (K) of the Maleic Anhydride-Vinyl Ether System (in CCl4 at 33
°C) 
A(a) 
[MA) [Cl!:VE) o obsd 6 
Aobsd 1/[CEVtl 1/t, 
Aobsd 
mol.L-1 mol.L-1 cps cps L.100i- cps-1 
0.0218 - 622.56=-01 
0.0218 o.7993 623.53 0.97 1. 2511 1.03 
0.0218 l.5986 624.51 1. 95 0.6255 0.51 
0.0218 2.3980 625.73 3.17 0.4170 0.316 
0.0218 3.1973 625.48 2.92 0.3128 0.343 
0.0218 3. 9966 626.46 3.91 0.2502 0.256 
a) mean value of chemical shifts of MA doublet has been used. 
correlation coefficient= 0.9918; slope = 0.7722; intercept= 0.0500. 
00 
\.0 
System 
MA-CEVE 
hl-CEVt 
NCtlH-CEVE 
NEMI-CEVE 
Table XXVIII 
Attempted Determination of Equilibrium Constants of Complexation (K) 
liased on lk NM!{ Uata in CCl4 
Temperature 
(OC) 
32 
33 
3Z 
3Z. l 
K 
(L.mol-1) 
0.06 + U.05 
0.5 + 0.4 
a 
b 
Relative Standard 
Oeviation of K (%) 
83 
80 
Limits of K 
at 90% Confidence 
0.01- 0.11 
o.o - 1.0 
a) negative intercept. 
b) uon-lineat" C"elationship between 1/ICEVEJ and l/t.0bs• 
I.O 
0 
91 
for K of MI-CEVE cast doubt on the validity of these 
formation constants. Figures 33-36 and Tables XXVI, XXVII, 
XXIX -XXXI indicate the data of--the CEVE complex studies. 
Neither an electron- withdrawing group on maleimide (as in 
NCEMI) nor an electron-donating group (as in NEMI) seemed to 
enhance complexation of maleimide with CEVE . Olson reported 
(56) that the olefinic protons of NPMI exhibit very small 
shifts upon mixing with CEVE in coc13 or CD2c12. Similar 
small shifts have been observed for MA-CEVE solutions by 
Iwatsuki and Itoh (85). These authors reported that the 
MA-CEVE complexes are highly reactive leading to the 
formation of an alternating copolymer and attributed the 
small lH NMR shifts to the low concentration of the complex 
in the solution. Such an explanation may also apply to the 
CEVE complexes in CCl4. It may also be possible that the 
complex geometry is such that the chemical shifts of the 
olefinic protons are not affected by complexation. 
The effect of solvent on lH NMR shifts of electron 
acceptors was investigated with MA-furan and NCMI-furan 
complexation experiments in CDCl3 and in 1,4-dioxane at 30.0
° 
C. As Figures 37 and 38 indicate, in 1,4-dioxane there was 
a regular change in olefinic proton shift of the acceptors 
with changing furan concentrations, the sa111e as in CDCl3. 
However, the chemical shift changes in CDCl3, the more polar 
solvent, were greater for both MA and NC�I (Figures 26, 27, 
Tab 1 es xv I I I , x Iv) • The data of the stud i es in 1 , 4 -d i ox an e 
of MA-furan and NCMI-furan are given in Tables XXXIIand 
[CEVE] 0.0 0.8001 1.6002 2.4002 3.2003 4.0004 
mol/L 
[NCEMI] 0.0221 0.0221 0.0221 0.0221 0.0221 0.0221 
cps 602.53 603.02 604.00 604.49 604.49 604.98 
ppm 6.724 6.730 6.741 6.746 6.746 6.752 
I 
I \ 
111 
\ i 
lll l 
, ... \ 
Figure 34 . 
1H NMR Chemical Shifts of Olefinic Protons of N-carbethoxymaleimide (NCEMI) 
with Several Concentrations of 2-Chloroethyl vinyl ether (CEVE) in CCl4 at � 
32.0 °C). N 
[NCEMI] 
mol.L -1 
0.0221 
0.0221 
0.0221 
0.0221 
0.0221 
0.0221 
Table XXIX 
1H NMR DATA FOR ATTEMPTED DETERMINATION OF EQUILIBRIUM CONSTANT OF COMPLEXATION 
OF THE N-CARBETHOXYMALEIMIDE-2-CHLOROETHYL VINYL ETHER SYSTEM (in CCl4 at 32
°C) 
[CEVE] 6A obsd i obsd 1/LCEVE] 
mol.L-l cps cps L.mol-l 
- 602.53=6\ - -
0.8001 603.02 0.49 1.2498 
1.6002 604.00 1.47 0.6249 
2.4002 604.49 1. 96 0.4166 
3.2003 604.49 1. 96 0.3125 
4.0004 604.98 2.45 0.2500 
correlation coefficient = 0.9748; slope = 1.6432; intercept= -0.1078 
l/t. obsd 
cps-l 
2.04 
0.68 
0.51 
0.51 
0.41 
I.D 
w 
[CEVE): 0.0 0.8001 
mol/L 
1.6002 2.4002 3.2003 4.0004 
[MI I: 0.0158 0.0158 0.0158 0.0158 0.0158 0.0158 
Hz 594.23 593.26 592. 77 592.28 592. 28 peak 
ppm 6.632 6.621 6.615 6.610 6.610 hidden 
i \1111 I 111 I I I I I 
i, I \' I 
\ 
// 
�,Y\I �l ,, 
Figure 35 . 
1
H NMR Chemical Shifts of Olefinic Protons of Maleimide (MI) with Several 
Concentrations of 2-Chloroethyl vinyl ether (CEVE) (in cc14 at 32°C). 
\.D 
.i,. 
Table XXX 
lH NMR UATA FOR ATTEMPTED OETERMINTIUN OF EQUILIBRIUM CONSTANT Of COMPLEXATION 
UF THE MALEIMIUE-2-CHLOROETHYL VINYL ETHER SYSTEM {in CCl4 at 32
°C) 
[CEVE] A A 1/[CEVE] 
[Ml] 6 obsd 6 obsd 
mol.L-1 mo l • L -1 cps cps L.moJ-1 
0.0158 - 594.23=6AO 
0.0158 0.8001 593.26 0.97 1.2498 
0.0158 1.6002 592. 77 1.46 0.6249 
0.0158 2.4002 592.28 1.95 0.4166 
U.0158 3.2003 592.28 1.95 0.3125 
0.0158 4.0004 a a 0.2500 
a) Ml peak was hidden behind a CEVE peak. 
correlation coefficient = 0.9943, slope = 0.5805; intercept = 0.3046 
1/ A 
l'1 obsd 
cps-1 
1.03 
0.68 
o.�1 
0.51 
a 
'° 
Vl 
[CEVE] 0.0 0.8002 1.6004 2.4006 3.2008 4. 0011 
mol/L 
[NEMI] 0.0500 0.0500 0.0500 0.0500 0.0500 0.0500 
Hz 592.04 592.52 592.52 592.77 593.01 592. 77 
ppm 6.607 6.612 6.612 6.615 6.618 6.615 
i 
i 
i 
\i 
Figure 36 . 
1
tt NMR Chemical Shifts of Olefinic Protons of N-ethylmaleimide (NEMI) with Sev­
eral Concentrations of 2-Chloroethyl vinyl ether (CEVE) (in CCl4 at 32.1 ° C). 
\.0 
CTI 
Table XXXI 
1H NMR DATA FOR ATTEMPTED DETERMINATION OF EQUILIBRIUM CONSTANT OF COMPLEXATION 
OF THE N-ETHYLMALEIMIDE-2-CHLOROETHYL VINYL ETHER SYSTEM (in CC14 at 32.1
°C) 
[NEMIJ LCEVE] 6A obsd t..A obsd 1/[CEVE] 
mol.L -1 mol.L -1 cps cps L.mol-l 
0.0500 - 592.04= 6\ - -
0.0500 0.8002 592.52 0.48 1.2497 
0.0500 1.6004 592.52 0.48 0.6248 
0.0500 2.4006 592.77 0.73 0.4166 
0.0500 3.2008 593.01 0.97 0.3124 
0.0500 4.0011 592. 77 0.73 0.2499 
correlation coefficient= 0.7951; slope = 0.9255; intercept= 1.0579 
A 
l/t. obsd 
cps-1 
2.08 
2.08 
1. 37 
1.03 
1. 37 
IL) 
-..J 
[Fur an] 0.0 1.0000 2.0000 3.0000 4.0000 6.0000 
mol/L 
[MA] 0.0500 0.0500 0.0500 0.0500 0.0500 0.0500 
Hz 632.32 629.39 625.97 622.07 618.16 608.40 
ppm 7.057 7.024 6.986 6.942 6.899 6.790 
l 
i 11 11 I I l 
I I I I 
.I 
11 I 11 I I I I • I l .I I I I HI I H d I J 
'I II t IVI I\ I I II 11  I 
! 
Figure 37. 
1
H NMR Chemical Shifts of Maleic Anhydride with Several Concentrations of 
Furan (in 1,4-dioxane at 30.0° C). 
\D 
(X) 
[MA] 
mol.L -1 
0.0500 
0.0500 
0.0500 
0.0500 
0.0500 
0.0500 
Table XXXII 
1H NMR DATA FOR THE DETERMINATION OF EQUILIBRIUM CONSTANT OF COMPLEXATION 
OF THE MALEIC ANHYDRIDE-FURAN SYSTEM (in 1,4-dioxane at 30.0° C) 
[Furan] A 6 obsd 
A 
6 obsd 1/[Furan] 
mol.L -1 cps cps L.mol-l 
- 632.32=oA
0 
- -
1.0000 629.39 2.93 1.0000 
2.0000 625.97 6.35 0.5000 
3.0000 622.07 10.25 0.3333 
4.0000 618.16 14.16 0.2500 
6.0000 608.40 23.92 0.1667 
correlation coefficient = 0.9998; slope = 0.3601; intercept = -0.0205 
A 
l/t:i. obsd 
cps-l 
-
0.341 
0.157 
0.0976 
0.0706 
0.0418 
"° "° 
[Fur an] 0.0 2.0000 3.0000 4.0000 5.0000 6.0000 
mol/L 
[NCMI] 0.0500 0.0500 0.0500 0.0500 0.0500 0.0500 
cps 610.83 606.45 602.53 599.60 595.21 591. 30 
ppm 6.817 6.768 6. 724 6.691 6.642 6.599 
i 
i i i 
i i 
)\ 
Figure 38. 
1
H NMR Chemical Shifts of Olefinic Protons of N-carbamylmaleimide (NCMI) with 
Several Concentrations of Furan (in 1, 4 -dioxane at 30.0 ° C). 
t-' 
0 
0 
[NCMIJ 
mol.L -1 
0.0500 
0.0500 
0.0500 
0.0500 
0.0500 
0.0500 
Table XXXIII 
1H NMR DATA FOR THE DETERMINATION OF EQUILIBRIUM CONSTANT OF COMPLEXATION 
OF THE N-CARBAMYLMALEIMIDE-FURAN SYSTEM (in 1,4-dioxane at 30.0°C) 
LFuran] A 6 obsd 
A 
ti obsd 1/[Furan] 
mol.L-l cps cps L.mol-l 
- 610.83=6\ - -
2.0000 606.45 4.38 0.5000 
3.0000 602.53 8.30 0.3333 
4.0000 599.60 11. 23 0.2500 
5.0000 595.20 15.63 0.2000 
6.0000 591. 30 19.53 0. 1667 
correlation coefficient = 0.9935; slope = 0.5292; intercept = -0.0430 
l/ti\bsd 
cps-l 
-
0.2283 
0.120 
i 
0.0890 
0.0640 
0.0512 
I-' 
0 
I-' 
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XXXIII, respectively. Negative values for the intercepts of 
plots of 1/(furan] versus 1/ �obs for both MA-furan and 
NCMI-furan (Figures 39 and 40) indicated that no complex 
formation was taking place in dioxane. It may be possible 
that the lone pairs of electrons on the oxygen atoms of 
dioxane influence it to behave as a weak electron-donor and 
thus compete with furan for complexation with the electron­
acceptor. 
The chemical shift of MA and NCMI olefinic protons show 
a solvent dependence. When an electron-donor is present, an 
increase in the donor concentration usually affects the 
chemical shift of the olefinic protons of the acceptor to a 
greater extent than the solvent chemical shift. These 
effects for MA and NCMI are shown in Tables XXXIV and XXXV, 
respectively. Polar solvents appear to deshield the 
olefinic protons more than less polar solvents and induce a 
downfield shift. The differences in formation constants of 
charge-transfer complexes in different solvents indicate the 
importance of polarity of the solvent and whether it is 
"inactive" or can act as a weak electron-donor or acceptor. 
On the basis of the above mentioned UV studies and lH 
NMR studies, it can be inferred that: ( 1) styrene and furan 
form a stronger charge-transfer complex with MA than with 
MI; ( 2) in the case of styrene, electron-withdrawing 
N-substituents on MI appear to increase CT complexation; (3) 
in the case of furan, electron-withdrawing groups may or may 
not have an effect on the complexation of inaleimide; (4) che 
� 
I 
ti) 
0. 
u 
ti) 
.0 
0 
<l 
........ � 
o. 4 r--------------
0.3 
1,4-dioxane 
0.2 
1/[Furan] L.mol-l 
Fig .39·. Solvent effect in the
 NMR determination 
of the equilibrium constant
 of complexa-
tion between maleic anhydri
de and furan 
at 30.G
°
C 
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..-4 
I 
tll 
0. 
u 
(ll 
..Q 
0 
<l ' 
..-4 
0.2 1,4-dioxane 
0.1 
CDC13 
-o.osi.-������������������--1 
0 0.2 0.4 0.6 
-1 1/[Furan] L. ol 
0.8 l. 0 
Fig.40. Solvent effect on the NMR determination 
of the equilibrium constant of cornplexa­
tion between N-carbarnylrnaleimide aJ,� 
Furan at 30.0 ° C 
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Solvent 
1,4-Dioxane 
1,4-Dioxane 
CDC13 
CDCl 3 
CC14 
CC14 
CDC13 
CDC13 
DMSO-d6b 
a) 25°C 
Table XXXIV 
EFFECT OF SOLVENT ON THE CHEMICAL SHIFT OF MALEIC ANHYDRIDE OLEFINIC PROTONS AND 
EFFECT OF CONCENTRATION OF ELECTRON-DONOR SPECIES ON SOLVENT CHEMICAL 
SHIFTS (89.56 MHz, 6, ppm from TMS) 
Dielectric Electron-donor 
Constant MA [Furan] _ 1 [CEVE] 
at 20° c mol.L-l mol.L 6MA 
2.209a 0.0500 0.0 0.0 7.057 
2.209a 0.0500 6.0000 0.0 6.790 
4.806 0.0100 o.o 0.0 7.010 
4.806 o. 0100 6.0000 0.0 6.553 
2.238 o. 0218 0.0 0.0 6.953 
2.238 0.0218 0.0 3.9966 6.991 
4.806 0.0475 0.0 0.0 7.024 
4.806 0.0475 0.0 3.7288 7.024 
48.9 -0.760 0.0 0.0 7.37 
b) 60 MHz 
6solvent 
3.558 
3.553 
7.253 
7.046 
7.351 
7.329 
2.50 
Solvent 
1,4-Dioxane 
Table XXXV 
EFFECT OF SOLVENT ON THE CHEMICAL SHIFT OF N-CARBAMYLMALEIMIDE OLEFINIC PROTONS AND 
EFFECT OF CONCENTRATION OF FURAN ON SOLVENT CHEMICAL SHIFTS (89.56 Hz, o, ppm from TMS) 
DTeTecfric 
Constant [NCMIJ1 [Fura�l 0NCMI ( temp. , °C) mol.L mol.L 
--
2.209a 0.0500 0.0 6.817 
1,4-Dioxane 2.209
a 0.0500 4.0000 6.691 
CDC13 4.806 0.0100 0.0 6.855 
CDCl 3 4.806 o. 0100 4.0000 6.555 
DMSO-d6b 48.9 0.720 0.0 6.88 
a) 25°C b) 60 MHz 
0solvent 
3.569 
3.563 
7.247 
7 .111 
2.53 
I-' 
0 
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type of complexation that aromatic styrene engages in with 
electron-acceptors may be dissimilar from the complexing 
mechanism of furan. 
The stoichiometry of complexation for all the CT 
absorptions observed by UV was 1:1. However, higher order 
complexes for these systems cannot be ruled out. The low 
concentrations of the monomers would not favor termolecular 
or higher order complexes. Foster ( 68) has reported that 
successive molecular interactions are often competitive and 
appear to reduce the probability of further association, so 
that the concentrations of these higher order complexes are 
smaller than would be if a cooperative effect occurred. 
Copolymerizations and Homopolymerizations of N-Substi·tuted 
Maleimides 
When NCMI was copolymerized with styrene it was 
observed that the conversion percent increased to a maximum 
at a 50:50 feed ratio as the data in Table XXXVI indicate. 
Some homopolymerization of NCMI appeared to occur with a 
feed ratio greater than 50% of NCMI. Due to the color 
difference between the white copoly�er and pink polyNCMI, 
contamination of the copolymer by the homopolymer could be 
easily observed. At the concentration used, NCMI or styrene 
had little tendency to homopolymerize (Table XXXVI). The 
relationship between the mole fraction of NCMI in the 
monomer feed and the rate of conversion to copolymer is 
shown in Figure 41. The maximum rate occurring at the mole 
fraction of o.5 indicates thit copolymerization is preferred 
Table XXX.Vl 
Uata for NCMl-Styrene Copolymerization (in 1, 4-Dioxane, 60°C, [M)Ts0.2M) 
Conversion % 
Mole Fraction of Color of Decomposition Point liy Total Mononer 
NCt-11 in Feed Polymer (O C) Weight 
o.u White 140 - 150 U.98 
0.1 White 300 15.8 
U.3 White 297 b4.5 
0.5 White 300 100.0 
o. 7 Very light 289 67.7 
pink 
0.9 Light 285 · 33.0 
pink 
l. 0 Pink 290 14.0 
Kate of 
Conversion 
(% yield/h) 
0.06 
0.97 
3.91 
7.02 
4.10 
2.06 
0.88 
r' 
0 
co 
8.0 
7.0 
..c 
........ 
'O 6.0 � 
<l) 
·.-I 
>, 
5.0 
C: 
0 
·.-I 
C/l 
)-1 
<l) 4. 0 
0 
u 
44 
0 3.0 
<l) 
.µ 
<1l 
2.0 
1. 0 
I 
I 
0. 1 
• 
0. 3 0.5 0. 7 
Mole Fraction �C�I 
\ 
\ 
\ 
\ 
\ • 
0.9 
Figure 41· Relationship between �ale 
Fraction of NCMI in Feed and Rate o� Con­
version of the Copolyr.ierization of !iC:lI 
with Styrene. 
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llO 
over hornopolyrnerization. If a charge-transfer complex 
forms, it should have the highest concentration at a molar 
feed ratio of 0.5. This type of rate maximum has been used 
as supportive evidence for charge-transfer interactions 
among comonomers (86). To investigate whether solvent could 
affect the copolymerization of NCMI and styrene and the 
homopolymerization of NCMI, dimethylsulfoxide (DMSO) was 
used as the solvent. As the data in Table XXXVII indicate, 
the rates of polymerization for the homopolymer as well as 
the copolymer were drastically reduced in DMSO when compared 
to the rates in dioxane. Copolymerizations in which charge­
transfer interactions occur would be expected to be 
inhibited in polar solvents such as DMSO. However, since 
the homopolymerization of NCMI too was affected, a charge­
transfer mechanism cannot be postulated solely on the basis 
of this solvent effect. OMSO is used as a solvent for the 
polymerization of acrylonitrile and other monomers (87) such 
as methyl methacrylate (88) and styrene (89). It is known 
to have a low incidence of transfer from the growing chain 
thus leading to high molecular weight polymers (87). The 
reason for it's inhibitory action in the polymerization of 
NCMI and NCMI-styrene is not evident. 
Effect of Electron-Withdrawing Groups on Maleimide 
Reactivity 
Maleimide has a much greater tendency to homopolymerize 
than maleic anhydride. If electron-withdrawing substituents 
have the effect of making maleimide more similar to maleic 
Table XXXVII 
Effect of Solvent on Rate of Conversion to Polymer for Homopolymerization of N-carbamylmaleimide 
(NCHI) and Copolymerization of NCMI with Styrene (Sty) 
[Monomer] % Monomer [AIBN] Time 
-1 -1 
% Yield 
Polymer Solvent (mol. L ) (w/v) (mol. L ) (h) of Polymer 
Homopolymer 
Poly NCMI l,4-Dioxane 0.2000 2.8020 0.0040 16.0 14.0 
Poly NCMI Dimethylsulfoxide 0.3600 5.0436 0.0040 51. 3 4.0 
Poly NCMI Dimethylsulfoxide l.7800 25.0000 0.0178 25.0 18.4 
Copolymer 
a 
Poly(NCMI-Sty) l,4-Dioxane 0.2000 2.4424 0.0040 16.0 100.0 
Poly(NCMI-Sty) Dimethylsulfoxide 3.5600 43.5784 0.0350 24.0 63.6 
a) 
feed ratio of NCMI:Sty was l:l 
t--' 
t--' 
t--' 
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anhydride in polymerization behavior, then the 
homopolymerization rate of maleimide should be inhibited in 
NCMI and NCEMI • As Table XXXVIII indicates, a significant 
drop in the conversion rate (as compared to MI) was observed 
for NCMI and NCEMI. The conversion rate study for 
copolymerization with styrene was less conclusive since MA 
has a percent yield similar to that of MI. However, the % 
yield value given for the MI-styrene copolymer may include 
some MI homopolymer as well which, if taken into account 
would give a lower value for the MI-styrene conversion rate. 
It is apparent that the electron-withdrawing groups have 
increased the reactivity of maleimide with styrene. 
Copolymers of Maleic Anhydride with N-Substituted Maleimides 
Due to the biological activity of carboxylate polymers 
with succinimide rings, there was a practical interest in 
investigating whether copolymers could be formed between MA, 
an electron acceptor that does not readily homopolymerize 
and electron acceptor N-substituted maleimides, which do 
homopolymerize. NPMI and NEMI were selected for this 
purpose, and, since both comonomers are electron-acceptors, 
no charge-transfer complexation and no alternating copolymer 
was expected. NPMI homopolyrner precipitated in acetone 
whereas the NPMI-MA copolymer and NEMI-MA copolymer remained 
in solution in acetone. As indicated in Table XXXIX, the 
MA/NPMI feed ratio was changed progressively from 50:50 to 
95:05. Equimolar feed ratios gave copolymers composed of 
40% MA and 60% NPMI. The use of a large excess of MA in the 
Polymer 
Hoioopolymers: 
Polystyrene 
Poly Ml 
Poly NCMl 
Poly NCtMl 
Copolymers: 
Poly Ml-Sty 
Poly NCl:.Ml-Sty 
Poly NCMI-Sty 
Poly NA-Sty 
Table XXXVIII 
Comparison of Kates of Conversion (in 1,4-dioxane, 60.U
°C) 
[Honooer J 
(iool/L) 
2.0 X 10-l 
2.0 X 10-l 
2.0 X 10 1 
2.0 X 10-l 
2. 0 X 10-1 
2. 0 X 10-l 
2.0 X 10-1 
Z.0 X 10-1 
[AlbN) 
(iool/L) 
4.0 X 1 0-3 
4.0 X 1 0-3 
4.0 X 10-3 
8.0 X 10-3 
4.0 X 1 0-3 
4.0 X 1 0-3 
4.U x lu-3 
4.0 X 10-3 
% yield 
0.98 
4 1.33 
13. 99 
2.40 
78.40 
92. 55 
100. OU 
77. 17 
Kate of 
conversion 
(% yield/h) 
U.06 
2.58 
0.88 
0.15 
4.90 
5.78 
7.02 
4.82 
I-' 
I-' 
w 
Uesignation 
Poly (NPMI-co-MA-1) 
Poly (NPMl-co-MA-2) 
Poly (NPMI-co-MA-3) 
Poly (NPMI-co-MA-4) 
Poly (NPMI-co-MA-5) 
Poly (NPMI-co-MA-b) 
Poly (NPMI-co-MA-11) 
Poly (NPMl-co-MA-12) 
Poly (NPMI-co-MA-9) 
Poly (NPMl-co-MA-10) 
Poly (NPMI-co-MA 7) 
Poly (NPMl-co-MA 8) 
Table XXXIX 
L>ata for the copoly�rization of Maleic Anhydride (MA) and 
N-Phenylmaleimide (NPMI) in Acetone at 65°C 
r'eed Percent Percent CoeolllDa!r Composition 
Ratio Conversion Nitrogen based on %N based 
MA:NPMI liy Total MA:NPMI on 11:t NMR 
MonolDa!r Weight 
50:50 70.6 5.93 39:61 39:61 
50:50 74.9 
50:50 11. 5 - - 33:67 
50:50 19.7 6.95 22:78 
50:50 84.2 6.28 34:66 
50:50 92.l 
80:20 48.9 - - 53:47 
80: 20 b0.2 - - 63:37 
90: 10 43.4 4.05 64:36 70:30 
90: 10 42.6 65:35 
95:05 29.7 - - 70:30 
95:05 :rn.o - - 73:27 
I-' 
I-' 
.i:,. 
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monomer feed yielded polymers with a greater amount of the 
MA component. This was interesting in light of the fact 
that MA is generally not known to homopolymerize under these 
conditions. Copolymer composition analysis, done by lH NMR 
(Figure 42) and elemental N analysis (Table XXXIX) indicated 
that polymers which did not show a good correlation between 
these t wo methods had very large aromatic proton: 
non-aromatic proton ratios (>2.5) which were not in 
agreement with a copolymer structure. This may be due to 
some block polymerization of NPMI. The percent conversion 
increased or decreased relative to the N-substituted 
maleimide in the monomer feed (Tables XXXIX and XL). This 
was indicative of the larger reactivity ratios of NPMI and 
NEMI monomers. The NMR spectra of NEMI-MA copolymers 
(Figure 43) indicated that an aromatic group was part of the 
polymeric structure. It appears that the phenyl moiety of 
benzoyl peroxide is in significant proportion in the polymer 
chain. This would occur if the chain length of the 
macromolecule was relatively short. The large initiator 
concentration used (10% W/W of monomers) would enhance the 
formation of low molecular weight, short chain length 
polymers ( 9 0) • The unaccountably large aromatic 
integrations which had been obtained for several NPMI-MA 
copolymers may have been the result of a significant 
proportion of the initiator being in the polymer chain. 
Viscocity data of the NPMI-MA copolymers indicated that 
the molecular weights of the polymer chains remained fairly 
Copolymer 
Designation 
Poly (NEMl-co-MA-1) 
Poly (NtMl-co-MA-2) 
Poly (NEMl-co-MA-3) 
Poly (l�EMI-co-MA-4) 
Poly (NEMI-co-MA-7) 
Poly (NEMl-co-MA-8) 
Poly (NEMI-co-MA-5) 
Poly (NEMI-co-MA-6) 
Table XL 
Data for the copolylll:!rization of Maleic Anhydride (MA) with 
N-E thylmaleimide (NEMI) in Acetone at 65°C. MA = M1; NEMI � Mz 
MA in 
100nolll:!r 
mixture (g) 
9.806 
9.806 
7.8448 
7.8448 
7.8400 
7.8400 
2.1600 
2.1600 
NEMI in 
100nolll:!r 
mixture (g) 
0.3766 
0.3766 
0.3879 
0.3879 
1. 1100 
1.1100 
2. 7 5 
2.75 
Feed 
Ratio 
MA:NEMI 
97:03 
97 :03 
96:04 
96:04 
90: 10 
90: 10 
50:50 
50:50 
Percent 
Conversion 
10.3 
6.8 
4.3 
7.9 
35.2 
47.9 
56.U 
t-' 
t-' 
CTI 
7 
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consistent with a variation in copolymer composition Table 
XLI) • Characteristically higher viscocities were obtained 
for polymers prepared with low initator concentrations. 
The copolymer composition data indicate that 
N-substituted maleimides copolymerize with maleic anhydride 
in a random manner. Plots of percent monomer in the feed 
versus percent monomer in the copolymer (Figure 44) indicate 
that in order to produce a 1:1 copolymer under these 
experimental conditions, a MA/NPMI feed ratio of 65:35 is 
required. 
13c NMR Spectroscopy of Polymers 
Since the appearance of commercial 13c NMR 
spectrometers in the early 1970s, the technique has been 
widely used for the structural elucidation of organic 
molecules. It has proven to be particularly useful in 
polymer chemistry because of the extreme structural and 
stereochemical complexity of many polymers. 
Carbon-13 NMR has been used extensively for copolymer 
characterization (92,93,94). Several papers have appeared 
that discuss the 13c NMR spectra of maleic anhydride 
copolymers (95,96,97). With the aid of shift calculations 
and numerous model compounds, the complete structure of each 
polymer has been defined, including end groups, sequencing, 
and tacticity. 
The structures of poly imides have been probed by this 
technique (98,99) which, in conjunction with other 
spectroscopic techniques, are of great value for determining 
Polymer 
Designation 
Poly (NPMl-co-MA-1) 
Poly (NPMI-co-MA-4) 
Poly (NPMl-co-MA-10) 
TABLE XLI 
Viscocities of N-Phenylmaleimide-Maleic 
Anhydride Copolymers 
Solvent: Tetrah:z::drofuran 
nred (dl/g) [n) 
0.102a 0.095 
0.135 0.121 
0.118b 
a) Polymers l to 4 were run with 50:50 MA/NPMI feed 
b) Polymer 10 was run with 90: 10 MA/NPNI feed 
Polymer 
Composition 
MA:NPl11 
39:61 
34:66 
64:36 
t--' 
N 
0 
�
75 
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composition of hygroscopic copolymers which can crosslink or 
form strong intramolecular hydrogen bands, often prec 1 ud i ng 
further characterization. 
NMR Spectra 
N-Carbamylmaleimide-styrene Copolymers 
The 1H NMR spectrum and off-resonance 13c NMR spectrum 
of NCMI-styrene copolymer are shown in Figures 45 and 46 
respectively. 
The lH NMR spectrum shows a broad peak at 1-4 ppm due 
to resonance of the methine and methylene protons of the 
polymer backbone. Centered at 7 ppm is the aromatic 
resonance of styrene. Farthest downfield at 11 ppm is a 
prominent peak which is at a chemical shift region 
acceptable for hydrogen bonded N-H protons. A coiled 
polymer chain affords an ideal environment for 
intermolecular hydrogen.bonding. The amide function of NCMI 
could also easily intramolecularly hydrogen bond, forming a 
six-membered ring. 
General 13c assignments can be made by comparison with 
the considerable amount of 13c shift data available in the 
literature (91,100). The completely decoupled 13c spectrum 
showed two peaks at 179 and 178 ppm, which could be 
confidently assigned to carbonyl carbons. Peaks appearing 
at 138, 129, and 128 ppm are due to aro,natic carbon 
resonances. The resonances due to the methine and methylene 
carbons in the polymer backbone appear as broad resonances 
-'..\-l c...-r-
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which are covered by the DMSO-d6 proton resonance at 36-40 
ppm. 
In the off-resonance decoupled spectrum (Figure 46), 
the peaks appearing at 179, 178, and 138 ppm remained as 
singlets indicating that the carbons in resonance at these 
posit ions have no directly bonded protons. This is 
consistent with the assignment of the carbonyl carbons. The 
resonance appearing at 138 ppm was assigned to the 
quartenary aromatic carbon on the basis of this result. The 
other aromatic carbon peaks are split into doublets on 
off-resonance decoupling and thus are assigned to the 
ortho, meta, and para carbons of the phenyl ring. Sometimes, 
the para carbon resonance, due to its lower intensity, can 
be distinguished from the ortho and meta carbons resonances. 
The methine and methylene carbon resonances are further 
broadened by off-resonance decoupling but again are covered 
by the DMS0-d6 resonances. 
N-Carbethoxymaleimide-styrene Copolymers 
The lH NMR spectrum of the N CEMI-styrene copolymer 
(Figure 47), which elemental analysis has shown to be 1:1 in 
comonomer composition (Table XLIV), shows some readily 
distinguishable features. The aromatic resonance and the 
backbone resonance are seen centered at 7 ppm and 2.5 ppm. 
The methylene protons to oxygen appear in the expected 
downfield location of 4.5 ppm and the methyl protons appear 
at 1.5 ppm. Integration confirms the assignments. 
11 ti 
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Comparisons of the completely decoupled and 
off-resonance decoupled spectra of NCEMI-styrene c6polymer 
(Figures 48 and 49) show very clearly the splitting of the 
methylene carbon signal ( a to oxygen) into a triplet and 
the methyl carbon signal into a quartet. The methyl carbon 
and methylene carbon of the carbethoxy group are located 
several bonds away from the copolymer backbone, and 
therefore are not expected to be split or broadened by the 
different magnetic environments produced by varying backbone 
stereochemistry. 
NMR spectra of other copolymers of N-substituted 
maleimides and homopol�ners are in the appendix. 
Alternation in Copolymer Structure 
A primary interest in this research project was to 
determine if maleimide could be inf 1 uenced to form 
alternating copolymers with electron-donor mono1ners in a 
manner similar to maleic anhydride. Our complexation 
studies indicated that electron-withdrawing N-substituents 
increased the complexation of maleimide with styrene (Table 
XVI I) • Hence, it was of interest to note whether NCMI-
styrene and NCEMI-styrene copolymer systems were 
alternating. 
T wo essential criteria for an alternating copolymer 
system are that the copolymer composition is equimol
ar in 
comonomers (1:1 copolymer) and that such a 1:
1 copolymer is 
formed regardless of the monomer feed rat
io. 
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1: 1 
means. 
copolymer structure can be verified by several 
One method (101 ) which is easy to utilize when 
conditions are suitable is the analysis of integration 
ratios in 1H NMR spectra of the copolymer. For exa�ple, the 
lH NMR spectrum of a 1:1 NCMI-styrene copolymer (Figure 44) 
should have similar integration values for the aromatic 
region (6-8 ppm) and the aliphatic region (1-4 ppm). If any 
impurities, such as the dioxane spike at 3.6 ppm are 
present, the integration ratios will be subject to error. 
Another requirement for this method is that the peaks under 
consideration should not overlap, as is the case for 
NCMI-styrene, NCEMI-styrene, and NPMI-MA copolymers. As 
Table XLII indicates, integration ratios of the aromatic 
protons (Ha) and aliphatic protons (H0) of NCMI-styrene 
copolymers varied slightly with a change in the monomer feed 
ratio. NCEMI-styrene copolymers gave similar Ha/H0 ratios 
for 50:50 and 80:20 NCEMI:styrene feed ratios but showed a 
higher styrene content in the copolymer for a 20: 80 
NCEMI:styrene copolymer. It is unlikely that a significant 
amount of polystyrene (styrene homopolyrner) is mixed with 
the copolymer because styrene has a very low tendency to 
homopolymerize in dioxane with the experimental conditions 
used (Table XXXVI). 
13c NMR has been utilized to determine the sequence of 
monomers in a polymer chain (102 ). Lindeman and
 Adams ( 103) 
and Grant and Paul (104) have devel
oped equations for 
calculation of theoretical 
13c NMR chemical shifts for 
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carbon atoms on the polymer backbone. A good correlation 
between observed values for 13c chemical shifts and 
theoretical values for an alternating copolymer is 
supporting evidence for alternation in a copolymer. 
Since the NCMI-styrene copolymers were insoluble in 
most common deuterated solvents, DMSo-d6 was the solvent 
used to prepare the copolymer sample for NMR analysis. 
Unfortunately the 13c resonance of the aliphatic carbons of 
the copolymer were obscured by the 13c resonance of DMSO-d6 
carbons ( Figure 4 5) making the above mentioned method 
unsuitable for analysis of NCMI-styrene copolymers. 
NCEMI-styrene copolymers, however, are soluble in coc13• 
The four possible triads for the copolymer are shown in 
Figure S.O with the calculated chemical shifts based on 
published incremental 13c chemical shift values for 
substituents (100,105). Since the incremental chemical 
shift value due to a CONH2 group beta to the carbon of 
interest has not been determined, these calculations 
assigned an incremental substituent effect of O ppm to such 
a group and thus may have introduced a significant error 
into the calculated result. The 13c NMR spectrum of the 
NCEMI-styrene copolymer prepared with an equimolar feed 
(Figure 47) showed three broad resonances centered at 35.9, 
41.6 and 51.6 ppm. Neither the alternating structures (I 
and III in Figure 50) nor the random structures (II and IV 
in Figure 50) had calculated values which correlated with 
all three of the observed values. 
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The lack of incremental chemical shift data for imide 
and amide structures greatly limited use of 13c NMR chemical 
shift calculations for the determination of polymer 
sequence. Thus, the l3c NMR chemical shift calculations for 
NCEMI-styrene copolymers were inconclusive. 
The classic method utilized for determining the 
reactivity ratio (r) of a monomer in a copolymerization 
system relates the monomer feed ratio to the composition of 
the copolymer (47,105). Copolymer composition is 
ascertained by elemental analysis. The yield of the 
copolymer is confined to 10% or less because if the two 
monomers have different reactivities, their ratio in the 
feed will gradually change with reaction time so that the 
copolymer composition at the later stages of reaction will 
not have a valid proportionality with the initial monomer 
feed. The exception to this is an alternating copolymer 
system, where both comonomers will have the same r values of 
zero or one of them will have an r value of zero while the 
others' r value will be close to zero. The monomer feed 
ratio will not significantly change during the course of the 
reaction which will always yield a copolymer with an 
alternating sequence of monomer units. Therefore, 
consistent formation of a copolymer with a 1:1 composition 
of comonomer units regardless of monomer feed ratio and 
reaction time is strong evidence of an alternating copolymer 
system. As mentioned earlier, maleic anhydride shows this 
134 
feature with a wide variety of electron-donating monomers 
whereas maleimide does not. 
Since earlier experiments on complexes indicated that 
electron-withdrawing N-substituents increased the complex 
formation between maleimide and styrene, it was of interest 
to determine whether NCMI and NCEMI would form alternating 
copolymers with styrene. Therefore, NCMI-styrene and NCEMI-
styrene copolymerization reactions were run at varied 
monomer feed ratios to high con version rates and the 
compositions of the resulting copolymers were analyzed by 
elemental analysis (Table XLIII) and lH NMR spectroscopy 
(Table XLII). The results (Table XLIV) indicated that 
equimolar monomer feeds produced copolymers that were 1:1 in 
monomeric units. A large decrease of NCMI in the feed 
decreases its incorporation in the copolymer. Although lH 
NMR and nitrogen analysis gave conflicting information about 
the copolymer composition from a 70/30 NCMI:styrene feed 
ratio, it is clear that a 1:1 NCMI-styrene copolymer doe s 
not form at varying feed ratios under these experimental 
conditions. 
Interestingly, NCEMI-styrene copolymer remained almost 
equimolar in monomeric units at a high NCEMI feed ratio 
(80:20) but a large excess of styrene in the monomer feed 
increased the styrene units in the copolymer. 
The results indicate that under these
 reaction 
conditions, NCMI-styrene and NCEMI-styrene are not 
alternating systems. The fact that large variations of 
TABLE XLII 
ltt NMR Integration Ra tios of Aromatic Protons (Ha l 
to Aplh atic Protons (H0 ) for NCMI-Styrene and NCEMI-Styrene Copolymers 
Feed Ratioa Feed Ratioa Ha/Ho Ha/Ho 
NCMI Styrene NCEMI Styrene NCMI-Styrene NCEMI-Styrene 
30 70 0.98 
50 50 0.83 
70 30 0.71 
20 80 0.73 
50 50 0.49 
80 20 0.50 
a) (M]T 0.2 M; solvent: 1,4-dioxane; time 16 h 
f--' 
w 
U1 
Feed Ratioa 
NCMI : Styrene 
0.30 : 0.70 
0.50 : 0.50 
0.70 : 0.30 
TABLE XLI II 
Elemental analysis Data for NCMI-Styrene 
and NCEMI-Styrene Copolymers 
Feed Ratioa 
NCEMI : Styrene % Yield C % 
--- 64.5 69. 0 2b 
--- 100.0 63.67c 
--- 67.7 6 4. 32c 
0.20 : 0.80 49.8 10.23b 
0.50 0.50 92.6 65. 92b 
0.80 0.20 84.9 64.46b 
a) [MIT = 0.2 M; Solvent: 1,4-dioxane; time = 16 h 
b)Elemental analysis done by Atlantic Microlabs, Inc., Atlanta, Georgia 
c)Elemental analysis done by A.H. Robbins Co., Richmond, Virginia 
H% 
5. 7 2b 
5.14c 
5.19c 
5_99b 
5.54b 
5.5ob 
N% 
7.92b 
11.05c 
9. 27c 
4.39b 
5.09b 
5.53b 
I--' 
w 
a, 
Table XLIV 
Copolymer Compositions of NCMI (M1)-Styrene(M2) and NCEMI(M1)-Styrene(M2) 
Copolymer System 
NCMI-Styrene 
NCMI-Styrene 
NCMI-Styrene 
NCEMI-Styrene 
NCEMI-Styrene 
NCEMI-Styrene 
Feed Katio 
M1 : M2 
30 70 
50 50 
70 30 
20 80 
50 50 
80 20 
experimental conditions are listed in Table XLIII 
Composition 
liased on ltt NMK 
H1 : M2 
0.51 0.49 
0.60 0.40 
0.67 0.33 
0.35 0.65 
0.51 0.49 
0.50 : 0.50 
Composition 
liased on N% 
M 1 : M2 
0.33 0.67 
0.50 0.50 
0.40 0.60 
0.41 0.59 
0.50 0.50 
0.55 0.45 
f-" 
w 
-.I 
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monomer feed in NCEMI-styrene cause only small deviations 
from a 1:1 copolymer structure indicate that there is a 
significant 1:1 intermolecular interaction between NCEMI and 
styrene. 
The copolymerizations were performed at a total monomer 
concentration of 0.2 mol/L which corresponds to a 2.4% (W/v) 
solution for an equimolar NCMI-styrene feed and a 2.7% (W/v) 
solution for an equimolar NCEMI-styrene feed. It should be 
noted that most copolymerization reactions are performed at 
10-20% ( W/v) concentrations. The reason that the relatively 
very low concentrations of monomers were used was because 
NCMI did not dissolve in most common organic solvents and 
its saturation point in the copolymerization solvent, 1,4-
dioxane, was at about 0.2 moles/L concentration. The 
NCEMI-styrene total monomer concentration was kept similar 
to that of the NCMI-styrene concentration in order to 
compare the copolymerization behavior of the two systems. 
The lH NMR experiments indicated that NCMI and NCEMI do 
form charge-transfer com pl exes with styrene ( Tab 1 e XVI I) . 
However, the formation constants of these complexes are very 
small, meaning that large monomer concentrations are 
necessary if a charge-transfer complex concentration that is 
significant enough to affect �he mechanism of 
copolymerization is to form. In order to fully evaluate a 
char�e-t ransfer complex effect in the NCMI-styrene and 
NCEMI-styrene copolymers, solutions with larger 
concentrations of the comonomers are necessary. 
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High Pressure Liquid Chromatography 
Kinetics of solution copolymerizations have 
traditionally been followed by analysis of copolymer 
concentrations formed per unit time (86) . This usually 
involves the precipitation of copolymer by addition of the 
reaction solution into a non-solvent for the copolymer (a 
precipitating agent) followed by use of a gravimetric 
technique to determine the mass of copolymer formed for the 
specific reaction time. The assumption is made that all of 
the copolymer precipitates in the non-solvent. Usually 
there are unreacted monomers and solvent trapped in the 
copolymer coils which make it necessary for purification of 
the copolymer by one or more redissolving and 
reprecipitating steps which contribute to the experimental 
error in the analysis of the weight of the copolymer formed. 
Analysis of monomer concentrations in the evaluation of 
copolymerization kinetics has been reported sporadically in 
the literature. Harwood et� (106) and Buckley et� (107) 
reported the successful use of liquid chromatography for 
evaluation of change in monomer concentrations. However, 
gas chromatography, UV spectroscopy, and NMR spectroscopy 
have not been found to be applicable in the analysis of 
monomer concentrations of an N-phenylrnaleirnide 
2-chloroethyl vinyl ether copolymer system (56). 
Reversed phase high pressure liquid chromatography 
(HPLC) was investigated to determine whether it was a 
suitable technique for evaluation of the kinetics of 
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copolymerization in the NCMI-styrene system. This system 
was considered suitable for analysis by HPLC for the 
following reasons: 
(1) When evaluating changes in monomer concentration with 
time, the assumption is made that any reduction in the 
monomer concentration is due to that ,nonomer being 
incorporated in a polymer chain. If the reaction 
follows a step-growth polymerization mechanism, the 
monomer may become a component of a trimer or tetramer 
or oligomer which eventually leads to the formation of 
a long-chain polymer ( 10 8) • In such a step-growth 
polymerization reaction, the solubility of these very 
short chain oligomers may not be significantly 
different from that of the polymer and therefore, when 
the polymer or copolymer is removed from solution, a 
significant amount of oligomers may remain in solution 
and lead to analysis problems such as chemically 
interacting with monomer molecules and thus changing 
the elution profile and retention time of the pure 
monomer. It could also cause problems by adversely 
affecting the packing material of the column. None of 
these problems should arise in the NCMI-styrene syste1n 
since the reaction is a free radically induced chain 
reaction polymerization. In such polymerizations the 
polymer or copolymer form instantaneously and there is 
no intermediate oligomer in solution (108). Hence the 
loss in monomer concentration during a reaction time 
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peak height versus log concentration gave a slope of 0.9946 
for styrene indicating that the styrene concentration has a 
linear relationship with the absorption signal of the HPLC. 
Such linearity was also observed for NCMI. The log of the 
total of the two peak heights as well as the log of each 
individual peak height when plotted against log 
concentration had slope values close to 1.0. The 
calibration curve for the NCMI solution is given in Figure 
51. When a mixture of NCMI and styrene was used, the 
water/MeOH solvent program had to be adjusted such that 
suitable elution profiles could be obtained for NCMI and 
styrene ("WM3"). The retention times for the NCMI "doublet" 
were 3.2 and 3.6 minutes. The styrene retention time was 
17.2 minutes. In all solvent programs, the solvent, 
dioxane, was the first component to elute. The absorptions 
were linear with concentration as indicated by the 
calculated slopes for the log peak height versus log 
concentration for the NCMI-styrene mixture: 
styrene 1.0198 
NCMI ( 1st peak height) 0.9300 
NCMI (2nd peak height) 0.9643 
NCMI (total of peak heights) 0.9472 
The calibration curve for NCMI in the NCMI-styrene 
mixed solution is shown in Figure 52. 
It has been demonstrated that NCMI and styrene have 
· 
1·n the HPLC system and calibration curves linear absorption 
have been established. It appears that HPLC is a suitable 
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technique for following the change in monomer concentration 
of . a NC M I -s tyre n e cop o 1 ym er i z at ion i n 1 , 4 -d i ox an e • An 
experimental procedure would involve extracting samples fro,n 
the NCMI-styrene reaction solutions at different times 
during the reaction and immediately cooling each sample to 
quench the polymerization reaction. Then an aliquot from 
each sample would be withdrawn with a filter syringe, 
di 1 u t e d in a v o 1 urn et r i c f 1 ask w i th d i ox an e ( s inc e the 
monomer concentration may be greater than the upper limit of 
detection for the components) and injected into the HPLC. 
The determination of copolymerization kinetics would 
give valuable information about the reactivities of the 
comonomers. 
EXPERIMENTAL 
General 
Melting points were obtained on a Thomas-Hoover 
melting point apparatus and are uncorrected. Proton 
nuclear magnetic resonance spectra (1 H NMR) were obtained 
at 60 MHz on a Varian T-60 spectrometer and at 90 MHz on a 
JEOL FX 90 Q spectrometer at 89.56 MHz. 13c NMR spectra 
were obtained on a JEOL FX 90 Q spectrometer at 22.5 MHz. 
The solvents used for the NMR spectra were coc1
3 
(99. 8%, 
Aldrich), (CD
3
)2 SO (99.5% D, Wilmad Glass Co., Inc.), 
(99.9% D, Aldrich), (99. 5% D, MSD 
Isotopes, Montreal, Canada), and Unisol (99.8% D, composed 
of (CD
3)2
so, CDC1
3
, CD2Cl2, Norell, Inc.). Chemical shifts 
are reported in parts per million (ppm, o) downfield from 
the internal standard, tetramethylsilane. Splitting 
patterns are designated as follows: s, singlet; d, doublet; 
t, triplet; q, quartet; m, multiplet; b, broad. Infrared 
spectra (IR) were recorded on a Perkin Elmer model 283 
spectrometer. IR signals are designated as follows: w, 
weak; m, medium; s, strong; v, very strong. Ultraviolet 
(UV) spectra were run on a Beckman ACTA M VII 
spectrophotometer (Beckman Instruments, Irvine, CA) using 1 
cm quartz cells or 1 mm silica cells. High Pressure Liquid 
Chromatograms (HPLC) were obtained on a Gilson Model # 4 1 
High Performance Liquid Chromatograph (Gilson Medical 
Electronics, Inc., Middleton, WI) which was interfaced with 
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a Hewlett Packard #3385 A Automation System (Hewlett 
Packard, Inc., Avondale, PA) for integration and a Kipp & 
Zonen #BO 41 recorder (Kipp & Zonen, Holland). Viscosities 
were determined in an Ubbelohde Cannon SO A968 viscometer. 
Elemental analyses were performed by A.H. Robins Company, 
Richmond, Virginia and by Atlantic Microlabs, Inc., 
Atlanta, Georgia. 
Purification of Materials 
Maleic anhydride (Aldrich) was purified by vacuum 
distillation or by recrystallizing twice from toluene or 
chloroform followed by vacuum drying. Purified maleic 
anhydride, mp 51-53° C, was stored in a dessicator until 
needed. Aniline was vacuum distilled prior to use. 
Benzoyl peroxide (Aldrich) was purified by dissolving in 
cold chloroform and adding methanol to the point of 
saturation ( 109) . 2,2'-Azobisisobutyronitrile (Aldrich) 
was recrystallized from methanol (m.p. 102-104 ° C). Acetone 
was distilled and collected at SS-57 ° C, dried over 
anhydrous caso
4
, decanted, redistilled and stored over 
molecular sieves 3A (110). Cyclohexane was washed several 
times with concentrated sulfuric acid, then with water, 
dried over anhydrous CaC12, decanted and distilled (110). 
Tetrahydrofuran (Curtis Matheson and Aldrich) was purified 
by drying over sodium metal-ribbon and distilled from 
LiAlH4. Methylene chloride was washed sequentially with 
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concentrated sulfuric acid, 5% aqueous Na2
co
3 
and water, 
dried over anhydrous CaCl and distilled from P O  (111). 2 2 5 
Benzene was dried over anhydrous cac1
2 
and distilled (110). 
Purification of dioxane was accomplished (112) by refluxing 
1,4-dioxane (99 + %, Aldrich) over sodium hydroxide pellets 
for 48 h, distilling this refluxed dioxane and redistilling 
the middle portion of the distillate (bp 101-102 ° C) over 
sodium metal strips. Dimethylsulfoxide (grade 1, Sigma 
Chemical Co.) was purified ( 111) by drying over sodium 
hydroxide pellets for 24 h followed by distillation. 
Anhydrous ether (Curtis Matheson), petroleum ether, and 
ethyl acetate were used with no additional purification. 
Monomer Syntheses 
The maleimides used in this study were prepared using 
previously reported laboratory procedures. N-ethylmaleimide 
(_�) was obtained from Aldrich Chemical Company and was 
purified by recrystallization from benzene followed by 
sublimation. 
N-Phenylmaleimide (l) 
N-Phenylmaleimide(NPMI, ll was prepared by following 
the method outlined in U.S. patent 2, 444, 536 (113) and 
reported by Cava et. al. (114). 1 was synthesized by first 
preparing maleanilic acid (2). 
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A. Maleanilic Acid (1) 
A 2-L three-necked round bottomed flask, fitted with 
a paddle-type stirrer, a reflux condenser, and an 
addition-funnel was charged with 78.5 g (0.8 mol) of maleic 
anhydride (l) and 1 L of anhydrous ethyl ether. When all 
of l had dissolved, 72.8 rnL (0.8 moles) of aniline <±> were 
added dropwise from the addition funnel. When the first 
drops of aniline were introduced into the solution of l, a 
deep yellow color appeared which dissipated with stirring, 
immediately followed by the appearance of the cream colored 
product, I· As more aniline was added, the mixture became 
more viscous and stirring became difficult. The mixture 
was stirred at room temperature for 80 minutes and then 
cooled to 15-20 ° C in an ice bath. The product I was 
collected by filtration and dried overnight under vacuum. 
The yield was 147.5 g (96.5%), mp 198.5-199 ° (lit (114) mp 
201-202° C) IR (KBr, 1%) 3290 (1 N-H, W), 3050-3150 (Ar-H, 
alkene C-H, carboxylic -OH, m), 1705 (C=C, s), 1635 (C=C, 
m), 1585, 1550, 1495, 1455 (ring C=C, s), 855 (O-H, s), 760 
cm-l (N-H wag, w); 
1H NMR (CD3)2SO 6 6.40 (q, 2H, -C!!=C!!-), 
7.45 (m, SH, Ar-_!!), 10.40 (s, lH, -CON!!), 12.90 0!!, 
-COOH) . 
B. N-Phenylmaleimide (!) 
A 1-L flask was charged with 300 rnL of acetic 
anhydride (reagent, A.C.S.) and 29 g of anhydrous sodium 
acetate (certified, A.C.S.). To this, 140 g (0.732 moll of 
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l were added. The mixture was swirled and heated over a 
steam bath until most of the solid material was dissolved. 
The resultant dark red solution contained some undissolved 
sodium acetate which settled to the bottom. The reaction 
mixture was cooled to room temperature and then poured into 
575 rnL of ice-water. The precipitated product was 
recovered by filtration, washed three times with SO rnL 
portions of ice-cold water and once with a SO rnL portion of 
petroleum ether (bp 30-60° C) and dried under vacuum. This 
material was then recrystallized three times from 
cyclohexane giving canary-yellow needle-like crystals of!, 
4 4 • 7 g ( 3 5 . 2 % ) ' mp 8 7 -8 8 ° C ( 1 it mp 8 9 -8 9 . 8 ° C ( 2 ) ) . IR 
(KBr, 2%): 3100 (Ar-H, m), 1720 (-C=C, v), 1600 (m), 1510 
( s) , 1460 (m) (ring C=C), 1390 
S) I 830, 700 
-1 (C=C-H, s) . cm 
2H-CH-), 7.4 (SI SH, Ar-H). 
N-Carbamylmaleirnide (1) 
(C-N I s) , 1150 I 1160 (-C-N, 
lH NMR (CDC13
) ppm 6. 8 (SI 
The procedure reported by Tawney et al ( 115) was 
followed for the preparation of 1 via the preparation of 
its intermediate, N-carbarnylrnalearnic acid (6). 
A. N-Carbamylmaleamic Acid (i) 
A stoppered flask containing 570 rnL of glacial acetic 
acid, 294.2g (3.0 mol) of maleic anhydride and 180.2 g (3.0
 
mol) of urea was heated at 50
° C for 12 h and then stirred 
overnight at room temperature. 
The white crystalline 
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product, washed with 100 ml glacial acetic acid and dried 
at 50° C, weighed 229.1 g (48% yield; lit (115) 56% yield), 
mp 157.5 ° -159 ° C, mp lit (115) 161-162 ° C. The mother liquor 
and washings were recharged with 196.1 g (2 mol) of maleic 
anhydride and 120.1 g (2 mol) of urea and heated at 56°C 
for only 5 h. After stirring overnight at room temperature 
247. 3 g of 6 was obtained [78% yield; lit (1) 77%], mp 
158-160° C; lit (115) 159-160° C. Another repetition of this 
process produced 260.5 g [82.4% yield; lit (115) 83.8%], mp 
15 3 . 5-15 4 • 5 ° C , lit ( ll 5 ) mp 15 6 -15 9 ° C . The average yield 
was 72%. IR (KBr,1%) 3400, 3250 (NH2,NH,carboxy�ic OH,m), 
1725, 1705, 1680 (carboxylic C=O, amide C=O, s) , 1650 
(NH2, C=C, m) , 
1430 
-1 lH NMR (DMSO-d6) 
10.4 cm (C-N, m) . ppm 
(b' lH, N-!!) ' 7. 6, 7.3 (b' 2H, NH2), 6.4 (
 s, 2H, C=C-H). 
B. N-Carbamylmaleimide (�) 
Continuing the procedure of Tawney ( ll 5) et al, 6 
(200g, 1. 26 mol) was added to 600 mL of acetic anhydride 
which had been heated to 90-95 ° C. The suspension was 
stirred (by a mechanical stirrer) very vigorously at 
90-97 ° C for 1 h at which time it was a brown colored 
mixture. After a hot filtration the filtrate was cooled to 
room temperature, and the precipitated solid was filtered 
off, washed with 30 rnL of acetone and vacuum dried. The 
crystalline product weighed 77.7 g (44% yield, lit (115) 
76.7%); mp 154-157° C, lit (llS) mp 157-158° C. IR (KBr,1%) 
3560, 3480, 3430, 3400 (free N-H, s), 3300, 3240, 
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(associated N-H,m), 3100, (associated N-H, C=C,m), 1817, 
1795, 1745 (imide C=O,s), 1697 (amide C=O,s), 1600 (N-H,s). 
1H NMR (DMSO-d
6) o 7.3 (b,2H,amide), 7.1 
(3,2H,C=C-_!!), 
13
c 
NMR (DMSO-d
6
) o 168.5 (s,C=O,imide), 147.8 (s,C=f-H). 
Maleimide (2) 
Tawney et als procedure ( 115) was modified for the 
preparation of 7. A 2-L flask, fitted with a stirrer and 
thermometer was charged with 510 mL of N,N-dimethyl 
formamide (DMF) and heated to 90-95 ° C by means of an oil 
bath. Heating was stopped and 240g (1. 7 mol) of 5 was 
added with stirring. Heat was applied to maintain the 
temperature at 95-100° C for a total reaction time of lh. 
The mixture was cooled to room temperature and stirred 
overnight. Precipitated cyanuric acid was filtered off and 
DMF was removed by rotoevaporation under vacuum until a 
slurry was obtained. The DMF remaining in the brown slurry 
was removed by triturating with benzene and the resulting 
brown solid was recrystallized from hot benzene to yield 
white, crystalline maleimide, 2, 50 g (36%), mp 92-93.5° C 
lit (115) mp 92-94 ° C, IR (KBr,1%), 3200, 3100 (associated 
N-H,m), 3070 (C=C-H,w), 1750, 1710 (imide C=O,w,s), 1350 
-1 (C-N,m). 
lH NMR (DMSO-d6
) ppm 10.9 (b, lH,N-_!!) I 6. 9 cm 
(d, 2H, C=C-_!!) ; 13c NMR (DMSO-d6) ppm 172.6 (s,C=O), 
135. 1 
(s,C=f-H). 
N-Carbethoxymaleimide (�) 
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The procedure of Butler and Zampini (116) which was a 
modified procedure of Keller and Rudinger ( 117) was 
utilized for the preparation of �. A solution of 10 g 
(0.103 mol) of maleimide (2) in 500 m.L of anhydrous ethyl 
ether was charged with 10.4 g (0.103 mol) of triethylamine 
by dropwise addition at room temperature and stirred for 30 
min. To this, 11.2g (0.103 mol) of ethylchloroformate 
dissolved in an equal volume of anhydrous ethyl ether was 
added dropwise. Upon addition of ethylchloroformate, 
immediate formation of a white solid was observed. The 
mixture was allowed to stir overnight at room temperature. 
After filtering off the triethylamine hydrochloride salt, 
ethyl ether was removed from the filtrate by 
rotoevaporation at room temperature. Crude 8 was a 
quantitative yield and the triethylamine hydrochloride salt 
was 14.2g (87.4% yield). 8 was purified �y vacuum 
distillation (bp 104-111° C/0.24-0.15 torr) and sublimation; 
mp 5 8-6 O ° C ( lit mp ( 116 ) 5 8-5 9 ° C) . 
(C=C-H ,m) , 1800, 1770 (C=O,s), 1270 
(CH2 ,m), 
1400 
-1 cm (CH3,m); 
lH NMR 
( s, 2H, C=C-!:!) , 4.5 (q,2H,-CH2), 
1. 4 
IR (KBr,0.25%), 3100 
(C-C(=0)-0,s), 1370 
(DMSO-d
6) 
ppm 6. 9 
(t,3H,-CH3); 
13c NMR 
ppm 165.7 (s, C=O) , 135. 1 (s,C=,S_-H), 63.8 
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Copolymer Syntheses 
Copolymerizations of Electron-donor Monomers with Electron­
acceptor Monomers 
Copolymerization between the electron accepting 
monomers (maleic anhydride, maleimide, and N-substi tuted 
Maleimides) and the electron donating monomers (styrene and 
furan) were carried out in the same manner. Azobisisobuty­
ronitrile (AIBN, Aldrich) was used as the initiator in all 
the above mentioned copolymerizations. The solvent used 
was 1,4-dioxane. The initiator, solvent, and monomers were 
purified as mentioned previously. 
Typically, solutions of the desired concentrations 
were made by weighing appropriate amounts 9f the maleimide, 
styrene and AIBN into a volumetric flask and diluting to 
the mark with solvent. This solution was then transferred 
to a pressure bottle and the solution was flushed with 
nitrogen gas which had been deoxygenated by passage through 
a column of oxisorb (Messer Griesheim, West Germany). The 
pressure bottle was then sealed and placed in an oil bath 
(Blue M, Blue Island, Illinois) t.hermostated at 60.0 ° C ± 
0.1°c for the desired amount of time. At the end of this 
time, the pressure bottles were removed from the bath and 
the reaction was terminated by immersing the bottles in a 
dry ice-isopropanol bath or ice-water bath. Reaction time 
was measured as the time interval between placing the 
pressure bottle in the oil bath and immersing it in the 
dry ice-isopropanol bath or ice-water bath. Since 
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N-carbamylmalemide was insoluble in most common organic 
solvents, being appreciably soluble only in 
dimethylsulfoxide, dimethylformamide or, to a limited 
extent, in 1,4-dioxane, the solvent that was used for these 
polymerizations was 1,4 dioxane. Due to the limited 
solubility of N-carbamylmaleimide in 1,4-dioxane, the total 
monomer feed concentrations for all systems was kept at a 
relatively low concentration of 0.2 mol/L. 
concentration was 0.004 mol/L. 
The NCMI-Styrene copolymers required 
The AIBN 
appreciable 
purification. They were purified by stirring the polymer 
in 1,4-dioxane overnight and drying in a heat pistol under 
vacuum at 138 ° C for 48 h. When the NCMI-styrene copolymer 
was contaminated with the NCMI homopolymer (poly NCMI), the 
copolymer was purified by repeated washings in 
acetone:methanol(l:1) 
NCMI. 
which selectively dissolved poly 
Copolymerizations of N-Substituted Maleimides with Maleic 
Anhydride 
N-phenylmaleimide (NPMI) and N-ethylmaleimide (NEMI) 
were copolyrnerized with maleic anhydride (MA). All 
copolyrnerization reactions were done in duplicate. 
Typically, solutions of the desired concentrations 
were made by weighing appropriate amounts of the maleimide, 
maleic anhydride, and initiator into a pressure bottle and 
adding the appropriate amount of solvent. The initiator 
used was benzylperoxide (BPO) and the solvent was acetone. 
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All materials were purified as described previously. The 
total monomer concentration was maintained at 10%(W/V) and 
the BPO concentration was 10% (W/W) of monomers in most 
cases. The polymerization reactions were carried out under 
a nitrogen atmosphere in a therrnostated oil bath at 65.0 ± 
0.1 °C. NPMI-MA copolymerizations were generally run for 
54. 25 h and NEMI-MA copolymerizations were run for 48 h. 
Data of the polymerizations are given in Tables XXXIX and 
XL. 
NPMI-MA copolymers formed a red colored solution in 
acetone and were precipitated in anhydrous ethyl ether or 
cyclohexane or petroleum ether. Anhydrous ethyl ether was 
the prefered precipitating agent because the monomers were 
soluble in it (whereas the copolymer was not) and it was 
available in pure form. NEMI-MA copolymers were 
precipitated from solution using anhydrous ether or MeC1
2
: 
cyclohexane(l:2) or chloroform as the non-solvent. The 
NPMI-MA co�olymers and NEMI-MA copolymers were purified by 
redissolving them in acetone or tetrahydrofuran followed by 
reprecipitation in anhydrous ethyl ether. 
Homopolymer Syntheses 
Homopolymers of maleimide, N-carbanylmaleimide, 
N-carbethoxymaleimide and styrene were prepared in 
1,4-dioxane with monomer concentrations of 0.2 mol/L using 
AIBN as the iniator at a concentration of 0.004 mol/L and 
reaction temperature of 60°C ± 0.1. 
generally 16 h. 
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Reaction time was 
Poly(N-carbamylmaleimide) precipitated in 1,4-dioxane 
as a cream colored solid which, when filtered and dried 
under vacuum, was a pink colored powder. Both poly­
maleimide and poly (N-carbethoxymaleimide) remained in 
solution in 1,4-dioxane. Polymaleimide was precipitated as 
a white powder in methanol and poly(N-carbethoxymaleimide) 
was precipitated as a white powder in hexane. A large 
portion of NCEMI did not polymerize and oiled out of the 
hexane to later crystallize. Data for these polymeriza-
tions are given in Table XXXVIII. 
Poly (N-phenylmaleimide) was prepared under the same 
conditions as used for its copolymerization with maleic 
anhydride except that reaction time was 24 h. The solvent 
was acetone, the initiator was BPO (10% W/W of NPMI). NPMI 
concentration was 10% (W/V). Poly (N-phenylmaleimide) 
precipitated from acetone as a light green colored powder 
to give a 52.8% yield. 
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Polymer Characterization 
The copolymers and homopolymers were characterized by 
NMR and IR spectral analyses. Copolymer 
compositions were ascertained by elemental analyses and, 
where possible by 1H NMR and 13c NMR. Viscosity 
determinations were performed on certain NPMI-MA copolymers 
(Table XLI) and melting points were ascertained using a 
capillary melting point apparatus (Table XLV). 
The 1H NMR spectra of these polymers generally 
appeared as a series of broad peaks due to their structural 
and stereochemical complexity. 13c NMR analysis of the 
polymers proved to be much superior to the 1H NMR spectra 
because of greater spectral simplicity resulting from the 
lack of coupling and the increased spectral width (usually 
200 ppm for 13c and 10 ppm for 1H) • Like the 1H NMR 
spectra, the IR spectra of the polymers showed broader 
bands than their respective monomers. The IR spectra of 
the copolymers did not differ significantly with varying 
monomer feed ratios. The 
1H NMR spectra differed 
significantly for varying monomer feeds only in the area 
under the resonance signals but not in chemical shift 
positions. For each copolymer system, the information 
obtainable regarding the sequence of monomers in the 
. 13c MR polymer chain from backbone carbon resonance in N was 
limited because the DMSO-d
6 
solvent had resonance in the 
same region. Due to these reasons, only one set of spectra 
is shown below for each copolymer. 
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Copolymers 
NCMI-styrene: IR ( KBr, 1%), 3450-3100 (N-a, b), 3070 
(C=C-H, w), 1800, 1755 (imide C=O, m, S), 1715 (amide C=O, 
S), 1600 (N-H, C=C-a, w), 1345 (C-N, m), 700 cm-1 (C=C-H), 
w); ltt NMR (DMS0-d6) ppm 12.0-11.0 (b, associated 
N-_!!), 8.0-6.0 (b, Ar-_!!, 4.0-1.0 (b, .!!, C.!!2); 13c 
NMR (DMS0-d6) ppm 179.8, 179.6, 178.1, 177.5, 176.7, 
172.5, 161.2 (b,m, C=O), 140.0, 139.7, 139.2, 183.5, 137.8, 
135.1, 130.4, 128.6, 126.6 (bm, ring C=C), 73.6, 67.1, 60.0, 
52.4, 51.3, 50.4, 49.4, 48.4, 47.9, 47.4, 46.7, 45.4, 42.9, 
42.3, 41.4, 40.4 (bm, -�a, -�H2). 
data is listed in Table XLIII. 
Elemental analysis 
NCEMI-Styrene: IR (KBr, 1%), 3080, 3022 (C=C-H, w), 
2980 (-C-a, w), 1810, 1770 (imide C=O, s), 1725 (ester C=O, 
s), 1325 (C-N, s), 1280 (C-0, S), 700 cm-1 (C=C-H, m); 
la NMR (CDC l3) ppm 8.0-6.0 (b, Ar-_!!) 4.8-4.0 (b, 
O-�a2-), 
-�a3) i l3c 
4.0-1.7 (b, 
NMR ( CD Cl 3) 
-C_!!, -C.!!2) , 
ppm 1 7 3 • 7 , 1 7 2. 9 
1.7-1.0 (b. 
(bd, imide, 
C=O), 147.7 (s, -�02R), 129.1 (b, -�=�), 64.7 (s, 
O�H2-) , 5 2. 5, 51. 6, 45.1-40.6 ( b, 
13.9 ( s, Elemental analysis data is 
listed in Table XLIII. 
MI-Styrene: IR (KBr, 1%) 3500-3200 (N-H, b), 3080 
(C=C-H, w), 1775, 1710 (C=O, w, s), 1350 (C-N, m), 700 
cm-1 (C=C-H, w); la NMR (DMS0-d6) ppm 11.7-10.8 (b, 
associated N-!!l, 8.0-6.0 (b, Ar-!!), 4.0-1.8 (b, -�H). 
NCMI-Furan: la NMR ( DMSO-d5) ppm 11. 2 
associated N-_!!), 7.9 (b, -C=C-_!!), 6.0, 5.3 
-OC_!!-C=C-), 4.0-2.0 (bm,-C.!!); 1 3c NMR (DMSO-d5) 
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( b, 
(bm, 
ppm 
177.7, 176.5 (bm, C=O), 129.6, 128.4 (bm, C=C-H), 85.7, 
82.9, 81.6, 80.0 (bm, -OfH-C=C-), 52.0, 50.6, 48.3, 48.0, 
46.5 (m, -fH). 
NPMI-MA: IR (KBr, 1%) 3080 (Ar-H, w), 2930 (C-H, w), 
1851, 1781 (anhydride C=O, w, m), 1710 (imide C=O, s), 1500 
(ring C=C, m), 1400 (C-N, s), 695 cm-1 (-C=C-H, w); lH 
NMR (DMS0-d6) ppm 7.8-6.3 (b, Ar-_!!), 5.0-2.1 (b, -C_!!); 
1 3 C N MR ( D MS 0-d 6 ) ppm 1 7 5 • 7 , 1 7 2 • 7 ( b , C = 0 ) , 13 1 • 8 , 
1 30.0, 128.6, 126.4 (b, Ar-f), 45.6-35.7 (b, -C_!!) • 
Elemental analysis data is listed in Table XXXIX. 
NEMI-MA: IR (KBr, 1%) 2947 (C-H, w), 1854, 1775 
( an h yd r id e C = O , w , s ) , 1 7 O O ( i m id e C = 0) , 1 4 5 0 , 1 414 cm -1 
(CH3, w, m). 
Homopolymers 
Poly MI: IR (KBr, 1%) 3500-3100 (N-H, b), 1775, 1710 
(C=O, m, s), 1 365 (C-N, m); lH NMR (DMS0-5) ppm 
11.9-11.0 (b, associated N_!!), 4.3-2.0 (b, C_!!). 
Poly NCMI: IR (KBr, 1%) 3500-3100 (NH, b), 1800, 1760, 
1720 (C=O, s), 1620, 1590 (NH, m), 1365, 1335 (C-N, m); lH 
NMR (DMS0-d6) ppm 12.3-10.5 (b, associated N_!!), 4.7-1.6 
(b, -CH); 1 3c NMR (DMSO-d5) ppm 180.2, 178.3, 177.4 
(bm, C=O), 44.3, 42.3, 41.3, 40.3 (b, -C_!!) • 
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Poly NPMI: 
Ar-_!!) , 3.2-3.7 
1H NMR (DMS0-d6) ppm 8.0-6.3 (b, 
(b, -C_!!); 13c NMR (DMS0-d6) ppm 
176.5, 175.6, 170.6 (bm, C=O), 131.2, 130.0, 128.7, 126.6 
(bm, ring C=C), f-H covered by DMSO-d6 resonance. 
Polystyrene: lH NMR (Benzene-d6) ppm 7.0, 6.7 
( b' Ar-_!!) , 2.0 (b, -C_!!) ' 1.6 (b, -C_!!2) ; 
13c NMR (Benzene-d6) ppm 128.9, 128.2, 127.8, 126.7, 
125.9 (m, ring C=C), 48.4-40.0 (b, -fH), 41.0 (s, -�H) 
Rates of Conversion of Copolymers 
In all cases, the total monomer concentration was kept 
constant at 0.2 mol/L and the initiator concentration was 
0.004 mol/L in most cases. The solvent was 1,4-dioxane and 
the reaction temperature 60.0
°
C. Reaction times were taken 
as the time interval between placing the pressure bottle in 
the oil bath (when reaction began) and immersing it in the 
dry ice-isopropanol or ice-water bath (when reaction 
terminated). All polymerizations were performed under an 
oxygen free nitrogen atmosphere. 
Conversion rate determination involved gravimetric 
analy.sis. After the polymerization reaction had been 
quenched by immersing the pressure bottle in dry 
ice-isopropanol, the polymer suspension (or solution) was 
allowed to come to room temperature to ensure that any 
unreacted monomers that precipitated upon lowering of t
he 
temperature went back into solution
. If the polymer had 
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precipitated in dioxane, it was carefully filtered out 
using a fine porosity filter paper (Whatman number 5, pore 
size 2.5 µ m) which had been-preweighed. After filtration, 
the filter paper and the polymer were air dried for 30 min 
and then dried under vacuum at room temperature for 24 h. The 
filter paper was then reweighed and the weight of the 
polymer was calculated by difference. If it was suspected 
that some moisture remained in the polymer, vacuum drying 
was continued until a constant weight was obtained. 
When the copolymer or homopolymer were soluble in 
dioxane, they were precipitated in methanol, followed by 
filtration. Occasionally it was necessary to digest the 
polymer solution in order to increase the particle size and 
facilitate filtration. This was done (56) by gentle 
heating ( �35-45
°
C) of the suspension for about one hour and 
then allowing it to stand undisturbed at room temperature for 
several days. In all cases, practically all of the polymer 
was filtered out of the dioxane in this manner and accounted 
for in the conversion percent. 
Rates of conversion (% yield/h) were determined for 
several mole fractions of NCMI in the monomer feed when 
investigating the NCMI-styrene copolymerization (TableXXXVI). 
Also, the effect of the electron-withdrawing N-substituents 
(amide and carbethoxy groups) on the homopolymerization rate 
of maleimide and copolymerization rate of maleimide with 
· a and compared with the rate of styrene was determine 
162 
copolymerization for the MA-styrene system under the same 
reaction conditions (Table XXXVIII). 
Complexation Studies 
Complexation between the electron-acceptor species 
(maleic anhydride, maleimide, and N-substituted maleimides) 
and electron-donor species (styrene, furan and 2-chloroethyl 
vinyl ether) was investigated using lH NMR spectroscopy 
and UV spectroscopy. Maleic anhydride (Aldrich) was 
purified by vacuum distillation or by recrystallization from 
chloroform. Maleimide and N-ethylmaleimide were 
recrystallized from benzene. N-carbethoxymaleimide was 
vacuum distilled and then sublimated. N-carbamylmaleimide 
was recrystallized from acetic anhydride and 
N-phenylmaleimide was recrystallized from cyclohexane. 
Styrene, furan, and CEVE were distilled prior to use. 
Complex Study by lH NMR Spectroscopy 
lH NMR spectroscopy was used to determine the 
formation constant of complexation for the electron donor -
acceptor complexes. coc1 3 (99.8 atom% D, Aldrich, 99.8 
atom % o, Sigma) was the solvent that was used predominantly 
for the complex studies involving styrene and furan. Since 
the MA-CEVE system did not indicate any complexation in 
coc1 3 , non-polar cc1 4 (certified A.C.S. spectranalyzed, 
Fisher) was used as the solvent for the CEVE systems. 
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Solvent effects on the complexation of furan with maleic 
anhydride and N-carbamylmaleimide was investigated by using 
1,4-dioxane as solvent. Dioxane was purified (112) by 
refluxing over sodium hydroxide pellets for at least 48 h, 
followed by distillation and then redistilling the middle 
fraction of the distillate over sodium metal strips. 
The ltt NMR spectra were obtained on a 90MHz JEOL 
FX 90 Q spectrometer. When an undeuterated solvent 
(i.e. CCl4 and 1,4-dioxane) 
deuterium lock was employed. 
was used, an external 
A O.OSM solution 9f NCEMI in CDCl3 shows an olefinic 
proton resonance at 6.8 ppm. When a solution is prepared in 
which there is a high concentration of furan relative to the 
same O.OSM concentration of NCEMI in furan, it is seen that 
the olefinic proton resonance has moved upfield. A second 
solution containing even a greater concentration of furan 
with NCEMI concentration kept constant at O.OSM gives an 
olefinic ltt resonance that is even further upfield. Thus, 
the experiments involved monitoring the olefinic proton 
resonance of a constant and low concentration of an 
electron-acceptor species while varying the concentration of 
an electron-donor species which had a concentration always 
significantly greater than that of the electron-acceptor. 
The difference in chemical shift ( cps) of the olefin ic 
protons of the electron acceptor in its free form (no 
electron-donor present) and in its complexed form (electron 
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donor present) gave a value, 6obsd • When the reciprocal 
of the donor concentration was plotted against the 
reciprocal of the corresponding obsd values using computer 
linear regression analysis, a correlation coefficient, 
intercept, and slope were obtained for a straight line. The 
intercept corresponds to 1/ 6cT where 6 is the difference CT 
in chemical shift between the free olefinic proton resonance 
of the electron-acceptor and its olefinic proton resonance 
in the pure-complex form {Figure 19). The slope corresponds 
to the(l/K)(t, CT)value where K is the formation constant of 
the complex. Division of the intercept by the slope yielded 
a value for K. Data for these studies are given in 
tables XI to XXXII. 
In most cases each electron-donor-acceptor system was 
investigated with at least five different electron-donor 
concentrations. Occasionally the olefinic proton resonance 
was hidden behind a spinning side band of the electron 
donor. When this occurred, the spin rate of the probe was 
changed so that the spinning side band shifted and uncovered 
the location of the olefinic proton resonance. Sometimes 
the olefinic proton resonance would be hidden behind a 
resonance of the electron-donor. Since the concentration of 
the electron-donor was many times greater {more than lOx) 
than that of the electron acceptor, the resonan
ces of the 
electron donor protons were very muc
h stronger and wider 
than the olefinic proton resonance of
 the electron acceptor 
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and hence, even integration of the resonances could not 
pinpoint the exact chemical shift of the electron-acceptor's 
olefinic protons. 
In a typical procedure, stock solutions of the 
electron-donor and electron-acceptor were prepared by 
carefully weighing the appropriate moiety into a volumetric 
flask and filling to the mark with the solvent. Each 
electron-donor-acceptor combination was prepared immediately 
prior to obtaining the lH NMR spectrum. The appropriate 
volumes of donor and acceptor solutions were transferred to 
a 2 mL volumetric flask which was then filled to the mark 
with solvent, shaken for thorough mixing, and then an 
aliquot was transferred to a clean 5 mm NMR probe for 
obtaining the lH NMR spectrum. To ensure that the spectra 
were obtained at a constant temperature, the probe 
temperature of the NMR instrument was taken immediately 
before and after the e�periment. The calculated K values of 
the styrene and furan systems are given in tables XVII and 
XXV. The reliability of the least squares parameters were 
checked (82-84) to obtain a standard deviation, range and 
confidence interval for the calculated formation constants. 
Complex Study by UV Spectroscopy 
In this technique, the existence of a charge-transfer 
complex was deduced from the analysis of some change
 in the 
Of a mixture of electron-donor and absorption spectrum 
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electron-acceptor species (the appearance of a new band or 
the intensification of a previously existing band) when 
compared to the spectra of the individual components. The 
electron-acceptors were maleic anhydride, maleimide, and 
N-substituted maleimides and the electron-donors were 
styrene, furan and 2-chloroethyl vinyl ether. The solvents 
used were 1, 4-dioxane (purified as previously described), 
CHCl3 (99+%, spectrophotometric grade, Aldrich) and 
benzene (reagent, A.C.S., B & A) which was distilled prior 
to use. The ultraviolet spectra were obtained on a Beckman 
ACTA M VII spectrophotometer (Beckman Instruments, Irvine, 
CA) using 1 cm quartz cells or 1 mm silica cells. 
If a band attributable to a charge-transfer complex 
appeared, the stoichiometric composition of the complex was 
determined by observing the change in the absorbance due to 
the complex with variation of the mole fraction of one of 
the components. 
In a typical procedure, equimolar stock solutions of 
electron-acceptor and electron-donor were prepared by 
careful weighing of the substrates into volumetric flasks 
followed by filling up to the mark with solvent. 
Experimental solutions of each species were then prepared 
by transferring appropriate amounts of the stock solutions 
to a series of volumetric flasks with glass pipettes, 
followed by dilution to the mark with solvent. UV spectra 
of each concentration were then obtained against solvent in 
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the reference cell. Aft th u er e V absorption of each species 
for specified concentrations were recorded, pipetted 
aliquots of the electron donor and electron acceptor 
solutions were mixed together in a series of volumetric 
flasks. This mixing was carefully done so that the 
resultant concentration of each species matched a 
concentration for which the absorption had already been 
determined. UV absorption spectra for the mixtures were 
then obtained against the solvent in the reference cell. If 
no charge-transfer complexation occurred, the observed 
absorption would be simply the sum of the absorptions of the 
two components, in accordance with the Beer-Lambert law. In 
some cases, an increased absorption was observed at certain 
wavelengths which were attributed to charge-transfer bands. 
Subtraction of the absorption due to the components gave the 
absorption due to the charge-transfer band. Peak height was 
measured and converted to absorbance units. In some cases 
(MA-Fur an, NCMI-Furan) spectra for the donor-acceptor 
mixtures were obtained with the reference cell containing 
the component which absorbed the most (the electron-
acceptor) • While this method automatically subtracted the 
component absorption to show the charge-transfer absorption, 
it had a serious limitation in that the large absorption by 
the component in the reference cell lead to the slit opening 
wide at a rapid rate and cutting off well before the solvent 
cut-off point was reached. 
Total concentrations of the 
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species were O.!M in most cases. Typical instrument 
settings used were: slit width 0.4, span 3, period 1, 
scan speed 2 nm/sec, and chart speed SO nm/inch. If 
absorption was so intense that the recorder went off-scale 
before being able to scan a significant portion of the UV 
region, 1 mm silica cells were used instead of 1 cm quartz 
cells and the chart speed was changed to 10 nm/inch. 
It was noticed that repetitive runs on a single sample 
did not give exactly reproducible absorbance readings. This 
was corrected for by noting that the ACTA M VII instrument 
changes slits at 350 nm at which time there is a pause in 
the scan and a mark is left on the recorder chart paper. 
When the absorption spectrum was calibrated from the mark 
attributed to the 350 nm wavelength, highly reproducible 
absorbance readings were obtained. 
In every case where charge-transfer absorption was 
observed, the complex absorption reached a maximum at a mole 
fraction of 0.5 for either component (Figures 15-18). The 
UV studies are summarized in tables IX and X. 
High Pressure Liquid Chromatography (HPLC) 
It was investigated whether reversed phase HPLC was a 
viable technique to monitor the change in concentration of 
monomers with reaction time for the NCMI-styrene 
copolymerization in 1, 4-dioxane. The instrument used was a 
Gilson Model #41 High Performance Liquid
 Chromatograph 
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(Gilson Medical Electronics, Inc., Middleton, WI) which was 
interfaced with a Hewlett Packard #3385 A Automation System 
(Hewlett Packard, Inc., Avondale, PA) for integration and a 
Kipp & Zonen # BD 41 recorder (Kipp & zonen, Holland). The 
packing material of the column was Bondapak c18• Solvent 
mixtures of nanopure deionized water (Barnstead, Sybron Co., 
Boston, MA) and chromatographic grade methanol (J. T. Baker 
Chemical Co., Phillipsburg, N. J.) were used as the mobile 
phase. The ratios of water:methanol were changed as needed 
(by computer assisted solvent programming) for the elution 
of NCMI and styrene at suitable retention times. 
First, it was investigated whether solutions of the 
individual components (NCMI and styrene) in dioxane would 
show reasonable elution profiles, what their upper and lower 
limits of detection would be and whether their absorbance 
had a linear relationship with concentration for each 
species. When styrene and NCMI showed such linearity in 
their respective solvent programs, a solution of styrene and 
NCMI within their upper and lower limits of detection was 
prepared and run with a third solvent program which 
accomodated the elution of the less polar styrene and the 
more polar NCMI. 
The instrument settings were: UV detector at 254 nm, 
200 mv full scale recorder and a chart speed of 10 mm/min. 
The range of the instrument was adjusted from 2.0 to 0.2 to 
chang e the sensitivity of the recorder for different 
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concentrations of each component. The peak heights of the 
elution profiles. of each component were taken as 
proportional to the area under each elution peak and peak 
heights were normalized to one range (sensitivity) setting 
of the recorder. Plots of log peak heights versus log of 
concentration indicated that individual solutions of NCMI 
and styrene as well as mixtures of NCMI and styrene 
solution s were linear for their respective concentration 
ranges and thus calibration curves (figures 51 and 52) were 
established. The solvent programs used were as follows: 
for styrene/dioxane solution: 
wwMl" Solvent Program (water/MeOH) 
Time (min) % Me OH 
0 50 
6 90 
12 90 
15 50 
for NCMI/dioxane solution: 
"WM2" S l o vent Program (water/MeOH) 
Time (min) % Me OH 
0 20 
8 50 
12 50 
15 20 
for NCMI/styrene/dioxane solution: 
"WM3" Solvent Program (water/MeOH) 
Time (min) % MeOH 
0 25 
10 80 
12 80 
15 25 
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For a NCMI/styrene solution in dioxane, the linear 
relationship between concentration of each component and the 
elution peak height indicated that high pressure liquid 
chromatography would be a viable technique for monitorin� 
changes in monomer concentration during a NCMI-styrene 
copolyrnerization reaction. 
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Viscosities 
Viscosity measurements were taken with the viscometer 
in a thermostated bath at 25 + 0.1
°
c using a Haake 
Thermostat Model E 52. Viscosities were determined in an 
Ubbelohde Cannon 50 A968 viscometer using tetrahydrofuran as 
solvent. The viscometer was cleaned by soaking it in 
chromic acid for several hours and then metal decontaminated 
( 111) by soaking it in an aqueous solution containing 1% 
disodium ethylenediarninetetracetate and 2% sodium hydroxide 
followed by rinsing several times with deionized water. The 
viscometer was dried with a stream of N2 gas and by vacuum 
aspirator. 
Approximately 10 mL of solvent was transferred to the 
viscometer which was then placed in the constant temperature 
bath. After 45 minutes for temperature equilibration, flow 
times were recorded until three consecutive measurements, 
agreeing within 0.1 sec, were obtained. 
A measured volume of a 1% polymer solution (which had 
been filtered through a sintered glass funnel) was 
transferred to the viscometer using a glass syringe. Flow 
times were then recorded. When consistent measurements were 
obtained, dilution of the solution in the viscometer was 
achieved by introducing a measured quantity of solvent and 
mixing it by shaking the viscometer several times and by 
drawing the solution up the viscometer three times. After 
30 minutes for temperature equilibration, flow times of the 
new concentration were recorded. 
performed in this manner. 
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Several dilutions were 
Reduced viscosity ( 11-sp/C) was calculated for each 
concentration, C, and a plot of nsp/c vs. C was made to 
determine intrinsic viscosity. 
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Table XXXXV 
Decomposition Points of Ho�poly�rs d C 1 - ..... an opo yrers 
Polymer 
Hooopolymers: 
Polystyrene 
Polymalei mi.de 
Poly N-phenylmaleimide 
Poly N-carbamylaaleimide 
Poly(maleic anhydride) 
Copolymersc : 
Poly(N-phenylmaleimide-co-maleic anhydride) 
Poly(N-ethylneleimide-co-maleic anhydride) 
Poly(maleimide-co-styrene) 
Poly(N-carbamylmaleimide-co-styrene) 
Poly(N-carbethoxymaleimide-co-styrene) 
Poly(maleic anhydride-co-styrene) 
a)did not melt or decompose up to 345 ° C 
b)reterence 37 
c)prepared from 1:1 monomer teeds 
Decomposition point 
(OC) 
140-150 
300 
a 
300 
285 
290 
295 
300 
250-270 
255-300 
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